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SUMMARY 
 
Worldwide, cigarette butts (CBs) are among the most common type of litter.  The United States 
Department of Agriculture estimates that in 2004 over 5.5 trillion cigarettes were produced in the 
world.  This is equivalent to an estimated of 1.2 million tonnes of cigarette butt waste per year. 
These figures are expected to increase by more than 50% by 2025 according to American Cancer 
Society, mainly due to an increase in global population.  In Australia, an estimated 25 to 30 
billion filter cigarettes are smoked each year; of these, an estimated 7 billion become litter. 
 
Most cigarette filters are made of cellulose acetate which is slow to biodegrade and can take up to 
18 months or more to break down under normal litter conditions.  CB filters release a range of 
toxic chemicals as they deteriorate.  Toxic chemicals trapped in the CB filters can be leached and 
cause serious damage to the environment.  There are up to 4000 chemical components in 
cigarette smoke, of which 3000 are in the gas phase and 1000 in the tar phase. 
 
Landfilling and incineration of CB waste are neither universally sustainable nor economically 
feasible disposal methods.  Recycling CBs is difficult because there are no easy mechanisms or 
procedures to assure efficient and economical separation of the butts and appropriate treatment of 
the entrapped chemicals.  An alternative investigated herein is to incorporate CBs in a building 
material such as fired bricks.  
 
Brick is one of the most common masonry units used as a building material due to its properties 
such as high durability, low cost and acceptable compressive strength.  Attempts have been made 
to incorporate waste such as rubber, limestone dust and wood sawdust, processed waste tea, fly 
ash, polystyrene and sludge into the production of bricks.  Recycling of such wastes by 
incorporating them into building materials is a practical solution to a pollution problem.  The 
utilisation of wastes in clay bricks usually has a positive effect on brick properties, although a 
decrease in performance in certain aspects has also been observed.  Positive effects such as light-
weight bricks with reduced shrinkage, porosity, thermal properties and strength can be obtained 
with the recycled wastes.  Moreover, lower energy consumption during firing through the 
contribution of the high calorific value provided by many types of waste has also been achieved. 
In addition, the high temperature in the firing process allows volatilization of dangerous 
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components changes the chemical characteristics of the materials and also eliminates the toxic 
components through fixation.   
 
This thesis presents and discusses the results of a study of the possibility of recycling CBs into 
fired clay bricks.  This novel idea may provide a sustainable method to immobilise toxic 
chemicals that pose a very high risk to the environment through either leaching or emissions.  In 
addition, this potentially important programme of investigation could help to solve a serious 
environmental problem, whilst also providing a new construction product with improved 
properties.  
 
In this study, the CBs (of different brands and sizes), collected from dry receptacles and 
disinfected, were used together with a brown clay soil for the manufacture of fired clay bricks. 
Classification tests including liquid limit, plastic limit, plasticity index and particle size 
distribution were carried out in accordance with Australian Standards.  Chemical analyses using 
X-ray fluorescence, determined the main chemical components of the soil.  Proctor standard 
compaction tests were conducted, according to the Australian Standard, to determine optimum 
moisture content and maximum dry density for the soil (control sample) and the mixed soil-CBs 
samples.  
 
Four different mixes were used for making fired brick samples.  CBs (0% to 10 % by mass, about 
0% to 30% by volume) were mixed with the soil and fired to produce bricks.  The samples were 
compacted manually by pressing and kneading the mixes in appropriate moulds using 
predetermined masses corresponding to the maximum dry density.  The samples were made in 
three sizes: cube, beam and brick for the determination of compressive strength, tensile strength, 
dry density, water absorption and initial rate of absorption.  All samples were fired in a furnace at 
1050oC.  The results presented are the mean of three values.  Electron micrographs of the test 
samples were made using an Environmental Scanning Electron Microscope for a better 
understanding of the characteristics of the microstructure. 
 
The results show that the dry density of fired bricks decreased by 8.3% to 30% when 2.5% to 
10% CBs was incorporated into the raw materials.  The compressive strength of bricks was 
reduced from 25.65 MPa (control) to 12.57, 5.22 and 3.00 MPa for 0%, 2.5%, 5.0% and 10% CB 
content respectively.  Lateral modulus of rupture test results did not decrease significantly with 
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the incorporation of CBs up to 5% CBs.  The lowest value of tensile strength found was 1.24 
MPa and the highest value of water absorption measured was 18%.  Drying and firing shrinkage 
results did not increase greatly for the samples with CBs.  Micrograph images showed the growth 
of pore sizes in the manufactured bricks as CB content increased from 2.5% to 10% by mass.   
 
In order to investigate the effect of mixing time on the physical and mechanical properties, brick 
samples were made with 7.5% by mass (about 22.5% by volume) CB content employing the 
same mixer with 5, 10 and 15 minutes mixing time.  Cube, brick and beam samples were 
manufactured and tested using methods similar to those mentioned above.  It was found that the 
effect of mixing time on all properties measured was significant.  The compressive strength 
varied linearly from 2.97 MPa to 6.36 MPa when mixing time was increased from 5 minutes to 
15 minutes, and similarly, the dry density increased from 1591 kg/m3 to 1789 kg/m3.  These 
increases in compressive strength and dry density, equivalent to about 53% and 11% respectively, 
as well as a reduction of about 4% in water absorption, demonstrated the significant effect of 
mixing method on the physical and mechanical properties of these types of materials. 
Environmental Scanning Electron Microscope analysis of the brick samples confirmed that the 
apparent size of pores was reduced significantly and the distribution of pores became more 
uniform as the mixing time increased from 5 to 15 minutes. 
 
Thermal conductivity performance is an important criterion of building materials.  In this study, 
the relationship between thermal conductivity and dry density was investigated by examining and 
analysing the experimental results from several other studies.  A model was developed using 256 
test results found for different types of brick, concrete and aggregate.  This relationship was used 
to estimate the thermal conductivity of the experimental bricks in this study.  Thermal 
conductivity of the experimental bricks was estimated to be reduced by 21% to 58% for CB 
contents ranging from 2.5% to 10%.  Mixing times also affect thermal conductivity performance. 
Results show that the thermal conductivity values increased steadily as the mixing times 
increased.  This is due to the increase in the dry density and therefore reduction of the porosity of 
the samples with longer mixing times.  The results also reveal that the CBs could effectively be 
used as a pore-forming material in brick manufacturing. 
 
As a range of heavy metals may be trapped in the filters of cigarette butts, tests were carried out 
to investigate the possible leachates of arsenic, selenium, mercury, barium, cadmium, chromium, 
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lead, silver, zinc, copper and nickel from the manufactured clay-CB bricks.  Leachates were 
produced using the Australian Bottle Leaching Procedure, the Toxicity Characteristics Leaching 
Procedure and the modified Static Leachate Test methods.  Triplicate samples from all the 
leachates were analysed using an Inductive Coupled Plasma Mass Spectrometry.  All heavy metal 
concentrations were found to be insignificant and to fall within accepted levels of heavy metals 
established by the USEPA (1996) and EPAV (2005).   
 
An experimental set-up was developed to estimate the volume of emissions (carbon monoxide, 
carbon dioxide, chlorine, nitrogen oxide and hydrogen cyanide) at different heating rates 
(0.7ºC/min, 2ºC/min, 5ºC/min and 10ºC/min) during the firing of the bricks.  Results show that 
the estimated volume of emissions was lower at higher heating rates, and higher heating rates up 
to 5ºC/min did not significantly affect the properties of the bricks tested. 
 
Adding CBs to the mix for manufacturing clay bricks assists firing due to their cellulose acetate 
content.  Experimental findings and calculations indicate that the energy saved by incorporating, 
for example, 5% CBs can be up to 58%.  This contribution to the heat input of the furnace during 
brick firing significantly reduces the amount of energy required. 
 
The results found in this investigation are very promising.  It is concluded that cigarette butts 
can be regarded as a potential addition to the raw materials of new types of light-weight fired 
bricks, for non-load-bearing as well as load-bearing applications, providing the mix is 
appropriately designed and prepared for the required properties.  Considering the number of 
bricks produced around the world every year, recycling CBs into bricks could contribute 
significantly to a sustainable solution of one of the serious environmental pollution problems 
on our planet. 
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CHAPTER 1 
 
 
 INTRODUCTION 
 
 
 
1.1 PROBLEM STATEMENT 
 
Cigarette butts (CBs) are among the most common types of litter in the world.  Several trillion 
cigarettes are produced annually worldwide, resulting in many tonnes of toxic waste in recent 
years.  In 2004, over 5.5 trillion cigarettes were produced worldwide (USDA, 2004), equivalent 
to an estimated 1.2 million tonnes of CB waste per year.  These figures are expected to increase 
by more than 50% by 2025, primarily due to an increase in world population (Mackay et al, 
2000).  In Australia alone, an estimated 25 to 30 billion filter cigarettes (Micevska et al, 2006) are 
smoked each year; of these, an estimated 7 billion end up as litter (Butt Littering Trust, 2007). 
Furthermore, during the Clean Up Day in Australia (Clean Up Australia Rubbish Report, 2008), 
CBs were identified as the most common item of litter of all the items collected for the thirteenth 
year in a row since it started in 1990.   
 
Most CB filters are made of cellulose acetate.  CBs accumulate in the environment due to the 
poor biodegradability of the cellulose acetate filters which have long-term effects on the urban 
environment, especially in waterways and run-off (Novotny and Zhao, 1999; Novotny et al, 
2009).  There are up to 4,000 chemical components in cigarette smoke and toxic chemicals 
trapped in the CB filters can leach, causing serious damage to the environment (Hoffmann and 
Hoffmann, 1997; Register, 2000; Li et al, 2002).   
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Generally, the most common disposal methods for CB waste are landfill and incineration. 
However, landfilling and incineration of CB waste are neither universally sustainable nor 
economically feasible disposal methods.  Even when correctly binned and sent to landfill far 
from natural waterways, CBs remain an environmental hazard (Ruan et al, 2005; Yuan et al, 
2006).  Also, landfilling of waste with high organic content and toxic substances is becoming 
increasingly costly and difficult.  Incineration of CBs is also an unsustainable solution as 
emissions from the burning waste contain various hazardous substances (Knox, 2005; Narayana, 
2009).   
 
Due to awareness of the increasing amount of CB litter and the disadvantages of landfill and 
incineration methods, great efforts need to be made to find an alternative environmentally 
friendly method to deal with CB waste.  The order of priority in waste management and treatment 
is (1) prevention, (2) reduction, (3) reuse, (4) recycling and recovery, (5) thermal treatment and (6) 
landfill (Basegio et al, 2002; Staniskis, 2005).  The concept of recycling is highly encouraged by 
governments and other related authorities through laws and regulations on waste.  Nevertheless, 
recycling CBs is difficult because there are no easy mechanisms or procedures to assure an 
efficient and economical separation of the butts and appropriate treatment of the entrapped 
chemicals.  An alternative could be to incorporate CBs in a building material such as fired clay 
bricks.  Brick is one of the most common masonry units preferred due to its simple processing 
technique, its properties and the flexibility of its composition.  Most importantly, the firing 
process of the clay brick allows (a) volatilisation of dangerous components, (b) change of the 
chemical characteristics of the materials, and (c) the incorporation of potentially toxic 
components through fixation in the vitreous phase of the recycled waste utilised (Vieira et al, 
2006).  It is expected that this sustainable method could immobilise the toxic chemicals trapped 
inside the CBs from leaching or emission into the environment and causing very serious 
environmental pollution. Due to the stringent regulations of disposal methods and the 
environmental impact of CB waste, it seems obvious that recycling CBs into fired clay brick can 
be considered an important step in the right direction.  Furthermore, this practical and potentially 
important programme of investigation could also provide a new construction product with 
improved properties.  In addition, the more CB waste is utilised in brick manufacturing, the more 
the environment, as well as the economy, will benefit, as it will reduce the uncontrolled disposal 
of environmentally harmful waste.    
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Furthermore, based on the extensive literature review, research carried out over the last thirty 
years reveals that many attempts have been successfully made to incorporate different type of 
waste into the production of bricks including sludge (Basegio et al, 2002), polystyrene (Veiseh 
and Yousefi, 2003), kraft pulp residue (Demir et al, 2005), fly ash (Kayali, 2005; Lin, 2006), 
processed waste tea (Demir, 2006), sawdust, tobacco residues and grass (Demir, 2008), and paper 
(Sutcu and Akkurt, 2009).  Recycling of such wastes by incorporating them into building 
materials is a practical solution to a pollution problem.  In addition, the manufactured bricks with 
different types of waste have shown positive effects on the properties of light-weight bricks such 
as improved porosity, thermal conductivity, water absorption properties, strength and reduction 
of energy used during firing.  Moreover, utilisation of solid wastes has been encouraged as it is 
one of the most cost effective alternative materials that could be used in clay brick manufacturing. 
These reasons are the driving force contributing to the main objective of this study which was to 
investigate the possibility of recycling CBs in fired clay bricks.   
 
1.2 SCOPE AND OBJECTIVES 
 
The main objective of this study was to investigate the possibility of recycling CBs into fired clay 
bricks.  This research primarily focused on laboratory investigation and concentrated on how to 
incorporate CBs into fired clay bricks and at the same time produce acceptable physical and 
mechanical properties.  The scope of work for this study has been accomplished by carrying out 
extensive research work at different stages and conducting significant tests on the manufactured 
bricks.  These included physical and mechanical properties and leachability tests, electron 
microscope analysis, gas emission measurements and calculated thermal conductivity.  Different 
mixing times and different heating rates were also utilised to investigate their effect on fired clay 
bricks with CB content.  In addition, energy savings during the firing process were also estimated 
from recycling CBs into fired clay bricks.  Analyses were carried out on the results to achieve the 
main objective which was to investigate the possibility of recycling CBs into clay fired bricks. 
 
1.3 DESIGN OF THE RESEARCH 
 
An overall literature review was carried out in relation to CB waste in the litter stream, its 
toxicity and the impact of CB pollution on the environment.  The literature review also covered a 
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modest background on fired clay bricks, light-weight bricks and a wide range of successfully 
recycled waste into fired clay bricks as well as the properties of the manufactured bricks.  
 
The CBs (of different brands and sizes) used in this study were provided by Buttout Australia Pty 
Ltd.  The butts were collected from dry receptacles.  The soil used was brown silty clayey sand 
prepared for making fired clay bricks and provided by Boral Bricks Pty Ltd, Australia.  The soil 
classification tests were conducted according to the relevant Australian Standards which included 
liquid limit, plastic limit, plasticity index and particle size distribution.  In addition, the chemical 
composition of the experimental soil was determined using the X-ray fluorescence (XRF) method. 
Proctor standard compaction tests were also conducted according to the Australian Standard to 
determine the optimum moisture content (OMC) and maximum dry densities for the experimental 
soil (control sample) and the mixed soil-CB samples.  
 
In this study, four different clay-CB mixes, ranging from 0% to 10% by mass CBs, 
corresponding to about 0% to 30% by volume, were used for manufacturing fired brick 
samples.  In order to improve the physical and mechanical properties, the effect of three 
different mixing times on the properties of the bricks was also investigated with 7.5% of CBs. 
The samples were made in three sizes, cube, beam and brick, according to Australian/New 
Zealand Standards, for the determination of compressive strength, lateral modulus of rupture, 
rate of water absorption, total water absorption, shrinkage and the dry density of the 
manufactured bricks. Environmental Scanning Electron Microscope (ESEM) analyses of brick 
samples were carried out on the manufactured samples. 
 
A model was developed to investigate the relationship between thermal conductivity and dry 
density by examining and analysing the experimental results from several other studies.  The 
effect of different mixing time was also observed on the predicted thermal conductivity values.  
In addition, the relationship of thermal conductivity and porosity was evaluated.  
 
Leaching tests were carried out to investigate the levels of possible leachates of heavy metals 
from the manufactured clay-CB bricks.  Leachates were produced using the Australian Bottle 
Leaching Procedure (ABLP), the Toxicity Characteristics Leaching Procedure (TCLP) and the 
modified Static Leachate Test (SLT) method and analysed using Inductive Couple Plasma Mass 
Spectrometry (ICP-MS).   
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The effect of the heating rate used during the firing process on the properties of manufactured 
bricks was investigated using four different heating rates.  At the same time, an experimental set-
up was developed to measure the gas emissions produced during the heating time, at certain time 
intervals.  The aim was to estimate the effect of different heating rates on the volume of 
emissions produced.  The volumes of gases estimated were carbon monoxide (CO), carbon 
dioxide (CO2), chlorine (Cl2) nitrogen oxide (NO) and hydrogen cyanide (HCN). 
 
Adding CBs to the soil for the manufacture of clay bricks assists firing due to their cellulose 
acetate content.  In this study, the energy saved by incorporating CBs into fired clay brick during 
the firing process was estimated from the calculation method by taking into account the amount 
of CBs incorporated and the approximate calorific value of CBs and from the percentage of 
output power measured from the furnace used during firing. 
 
Due to some limitations, the following has not been conducted in this study: 
 
Resistance to salt attack and potential of efflorescence were excluded from the study due to the 
limited time frame. 
 
Direct measurements of thermal conductivity values and the energy saved by incorporating CBs 
into fired clay bricks were not carried out due to the non-availability of appropriate equipment or 
measuring devices and budget constraints. 
 
1.4 OUTLINE OF THE THESIS 
 
This thesis has been structured into nine chapters.  The introductory chapter (Chapter 1) is 
followed by Chapter 2 which provides an overview of the CB littering problem and their toxicity. 
The background of clay bricks and successful attempts to recycle different wastes into fired clay 
bricks are also reviewed.  In Chapter 3, the experimental work of incorporating CBs in clay 
bricks is presented including the materials, laboratory equipment, standards, experimental design 
and testing procedures that were applied in this research. Chapter 4 focuses on the improvement 
of the properties of clay-CB brick by conducting three different mixing times. Estimation of 
thermal conductivity by using a developed prediction model and the correlation of thermal 
conductivity with porosity of the manufactured brick is discussed in Chapter 5.  The leachability 
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tests (ABLP, TCLP and SLT) and results obtained are described and discussed in detail in 
Chapter 6.  Investigations of the effect of different heating rates on the physical and mechanical 
properties and gas emissions are presented in Chapter 7, while Chapter 8 presents the estimation 
of energy consumption saved by firing clay-CB bricks.  Chapter 9 presents concluding remarks 
along with recommendations for future research. 
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CHAPTER 2 
 
 
 LITERATURE REVIEW 
 
 
 
2.1 INTRODUCTION 
 
An overall literature review was carried out on environmental pollution associated with CBs 
which covered the littering problem, toxicity and the poor biodegradability of cellulose acetate 
filters.  More than two hundred references were collected and reviewed regarding recycling 
wastes into different types of building materials.  The literature was then narrowed down to a 
modest review concerning clay bricks and the wide range of wastes successfully incorporated 
into fired clay bricks by previous researchers together with the associated advantages and 
disadvantages.  
 
2.2 LITTTERING OF CIGARETTE BUTTS (CBs)  
 
Cigarette butt waste is one of Australia’s most prevalent litter problems.  The increasing numbers 
of butts littering streets, parks and beaches that subsequently find their way into stormwater 
channels have become an inland water pollution problem and a consequent important 
environmental issue. 
 
For the past five years, CBs were identified as one of the most littered items in Australia.  This 
finding is consistent with results demonstrated in various reports from Clean Up Australia, Keep 
Australia Beautiful Victoria, Keep South Australia Beautiful, New South Wales Litter, 
Community Change, Victorian Litter Action Alliance (VLAA), Beverage Industry Environment 
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Council (BIEC) and Environmental Protection Agency Victoria (EPAV).  The prominence of 
CBs as litter in all the reports and studies emphasises the necessity to identify CBs as a ‘waste of 
concern’ that should be prioritised and monitored.  For example, according to the Keep Australia 
Beautiful Victoria Report (2003) in Melbourne CBD (Central Business District), CBs were found 
to be 76% of all litter collected.  Furthermore, Littering Behaviour Studies reported by BIEC 
(2003) stated that CBs were identified within 50% to 58% of the national litter stream.  It is also 
estimated that CBs represent one third of the more than one billion items of litter that find their 
way into Melbourne’s waterways each year and 10% end up in the bay or waterways (BIEC, 
2003).  One other report, VLAA (2004) approximated that 350,000 butts end up in Port Philip 
Bay every day.  Furthermore, according to EPAV (2005b), litter counts of selected beaches for 
seven years in a row (1999 to 2006) revealed that CBs were the most littered item on Port Philip 
Bay beaches averaging more than 50% of the total litter collected over seven summers.  
Moreover, in 2003/2004 there were over 18,000 litter fines issued by EPAV alone, and over 90% 
of these fines were for CB littering.  In addition, referring to the media release entitled Motorists 
No 1 Rubbish Dumpers (SIA Bulletin, 2006), Victoria had the highest (53%) number of littered 
CBs in all the items collected. 
 
Efforts like campaigns, posters and stickers such as Don't Be A Tosser, Bin Your Butts and The 
Butt Stops Here, the aluminium kerbside ashtrays that attach to walls, butt receptacles, butt bins 
(Figure 2.1), butt bins of high density polyethylene modified with flame retardant, and pole 
mounted ashtrays (Figure 2.2) have also been installed in some streets identified as being heavily 
trafficked by smokers to reduce the CB littering problems.  However, limited installation sites 
were observed due to the high capital cost of the facilities.  The usage of ‘Go green’ (reusable 
and fire-resistant) pocket ashtrays have also been encouraged among smokers.  
 
Despite all the campaigns and facilities, the problem has become more prevalent in recent years, 
particularly with more people smoking outdoors (Figure 2.3 and 2.4).  This has resulted in a huge 
increase of butts on nature strips, footpaths and in gutters.  This is the effect of new legislation 
banning indoor smoking in more venues such as workplaces, restaurants, hospitals, toilets, and 
transport facilities.  In fact, according to the current Clean Up Australia Rubbish Report (2008), 
during Clean Up Day in Australia, CBs were once again identified for the thirteenth year in a row 
as the most common item of all the items collected since it started in 1990.  It was also nominated 
as one of the top ten items of rubbish as CBs comprised 29.6% of the top ten items of litter 
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surveyed and 14.5% of all items collected. The percentage increased by 5.9% and 2.3%, 
respectively, compared to litter collected in 2006.  Keep Australia Beautiful (2007/2008), also 
reported that CBs remained as the most common littered item in the litter stream line with 39 
butts per 1,000 m2 in Victoria. 
 
 
Figure 2.1 Cigarette butt bin  
 
 
Figure 2.2 Pole mounted ashtrays 
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Figure 2.3 Littering of CBs in front of State Library Victoria 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 Accumulation of CBs outside the rubbish bin  
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2.3 TOXICITY OF CIGARETTE BUTTS (CBs) 
 
The littering problem that arise by habits of smokers ‘tossing their butts’ rather than disposing of 
them appropriately has led to the accumulation of CBs in the environment.  The cellulose acetate 
filters in CBs are slow to biodegrade and the toxic chemicals that trapped inside the body as they 
deteriorate pose a serious environmental risk (Hoffmann and Hoffmann, 1997, Register, 2000; Li 
et al, 2002).   
 
The nicotine content in cigarettes varies but common blends contain 15 to 25 mg per cigarette 
(Hackendahl et al, 2004).  There are up to 4,000 chemical components in cigarette smoke, of 
which 3,000 are in the gas phase and 1,000 in the tar phase.  Polycyclic aromatic hydrocarbons 
(PAHs), N-nitrosamines, aromatic amines, formaldehyde, acetaldehyde, benzene, and toxic 
metals such as aluminium, zinc, lead, selenium, chromium, nickel and cadmium (IARC, 1987; 
Chiba and Masironi, 1992; Kazi et al, 2009) combine to form more than 60 chemicals that are 
known to be carcinogenic (Hoffmann and Hoffmann, 1997; Register, 2000; Hoffmann et al, 2001; 
Li et al, 2002; Hecht, 2003).  
 
Therefore, CBs that are flicked away by smokers on the streets, footpaths, nature strips and 
gutters contain a significant amount of nicotine trapped in the fibres of the filter.  A dose of 2 mg 
to 5 mg may produce nausea and vomiting in adults while a dose of 1 mg or more might result in 
similar symptoms in a small child.  Oral exposure to CBs also causes major systemic toxicity to 
small children.  In animals, it depends on the animal species, nicotine blend and route of 
administration with the oral median fatal dose ranging from 3.3 to 200 mg/kg.  For dogs, 10 
mg/kg of nicotine content is potentially serious (Dart, 2004). 
 
Apart from that, littering of CBs along coastal stretches and in marine ecosystems has also had a 
significant negative impact.  CBs are carried by stormwater into watercourses and ultimately the 
ocean where the chemicals they contain pose a risk to the organisms of both freshwater and 
marine environments (Novotny and Zhao, 1999; Micevska, et al, 2006; Novotny et al, 2009).  
The toxicity that leaches from CBs can persist for at least seven days (Micevska et al, 2006). 
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Studies have publicised several examples of lethal or sub-lethal effects of CB toxicity on marine 
fauna.  Mammals (Secchi and Zarzur, 1999; Henderson, 2001), birds (Spear et al, 1995), turtles 
(Mascarenhas et al, 2004; Bugoni et al, 2004) and albenthic organisms (Chiappone et al, 2002) 
are often affected through ingestion, which may affect some of their populations (Laist, 1997). 
Unfortunately, only a small number of studies have been conducted examining the impact of CBs 
on the aquatic environment.  These preliminary studies, however, have found that toxic chemicals 
leached from CBs present a biohazard to freshwater microorganisms at concentrations greater 
than 0.125 butts per litre of water.  In addition, the leachate from the remnant tobacco portion of 
CBs has been found to be deadly at even smaller concentrations (Register, 2000; Micevska et al, 
2006).  Studies have shown that some toxic effects may occur at concentrations of one CB per 
4,000 litres (Micevska et al, 2006).  Clearly, this is a significant problem affecting the health of 
our waterways.   
 
2.4 CIGARETTE BUTTS (CBs) FILTER 
 
Manufactured cigarettes today have two main sections-shredded tobacco leaves, chemicals and 
additives, packed into a paper tube and a filter (Figure 2.5).  Cigarette filters have been added 
since 1952 and have evolved from a simple mouthpiece to an integral part of the cigarette.  Filters 
are produced rapidly at the rate of 15,000 or more per minute, which equates to 250 cigarettes per 
second (Pauly et al, 2002).   
 
 
Figure 2.5 Cigarette 
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Almost 90% of all cigarettes are manufactured with cellulose acetate filter tips except for Japan, 
Venezuela, South Korea and Hungary (USDA, 2000).  Most filter tips (15 to 35 mm) (Hoffmann 
et al, 1995) are made from plastic-like cellulose acetate.  The main element of cigarette filters is 
made from highly purified cellulose fibre derived from wood pulp through acetylation (reacted 
with acetic anhydride) to produce primary cellulose acetate (Figure 2.6).  The primary cellulose 
acetate is later converted to the secondary acetate by hydrolysis and produces cellulose diacetate 
fibre and is commonly used as cigarette filters.  However, the material is commonly called 
cellulose acetate and it is similar to the fibre known as ‘rayon’, which is widely used in textiles 
and mouldings.  
 
Cellulose acetate is a product with poor biodegradability, which is largely determined by the 
environmental conditions.  As an illustration, the degrading rates vary from within 1 to 2 months 
under anaerobic conditions, 6 to 9 months in soil, 12 months in fresh water and 36 months or 
more under poor conditions, for example, sea water, desert and underground stations (Ach, 1993; 
Shenstone et al, 1995; Brodof, 1996).  The cellulose acetate fibres are white in colour and the 
material is finer than thread.  It is packed firmly together to make a filter that looks like cotton 
and feels like sponge if reviewed by the texture and the appearance of the outer shell (Register, 
2000).  Nevertheless, the content of the filter actually comprises more than 12,000 white fibres 
massed together.  The cellulose acetate fibres are a synthetic plastic like material similar to that 
used for photographic films.  Under microscopic view, these fibres look Y shaped and contain 
delustrant titanium dioxide and the size, described as the length of the fibre, varies from 50 µm to 
500 µm.  The presence of triacetin (glycerol triacetate), which is a plasticiser, is used to bond the 
fibres (Pauly et al, 2002).  The filters are coated in two types of paper, either solid paper for 
regular cigarettes or permeable and very porous paper for light cigarettes.  The filter is physically 
held together by the coated paper and the tipping paper covers the filter and slightly overlaps the 
tobacco column and attaches the two together.  Nowadays, flavoured filters and a combination of 
other filtration agents have been widely used.  In addition, additives have been added to 
cigarettes to ensure the cigarette remains lit, to modify the flavour and to ensure an increased 
delivery of nicotine. 
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Figure 2.6 Molecular structure of cellulose acetate 
 
When a smoker smokes a cigarette, air enters the tip of the filter.  The function of the air in the 
filter is to dilute the smoke and lessen the velocity of the smoke stream that passes the burning 
cone.  It also deliberates the speed of the smoke stream towards the filter tip during puff drawing. 
In the past, filters were established to prevent the discharge of tobacco particles into the smoker’s 
mouth and acts as a clean mouthpiece that does not fall apart during smoking.  Currently, 
cigarette filters are exclusively designed to absorb smoke, trap tar, toxic chemicals and to 
accumulate particle smoke constituents (Register, 2000).  The chemical composition of the 
cigarette smoke depends on the type of tobacco used, the cigarette paper, the category and the 
effectiveness of the filter as well as the degree of tip ventilation (Borgerding and Klus, 2005). 
 
The toxicity and carcinogenic effect of cigarette smoke has been attributed to the carbon 
monoxide and nicotine as well as other constituents such as nitrogen oxides, hydrogen cyanide, 
ammonia, some volatile aldehydes and some aromatic hydrocarbons (Hoffmann and Hoffmann, 
1998).  Similar to other plants, tobacco also contains a few metals and the metals identified in 
cigarette smoke include lead (3.4% to 19.7%), zinc (0.6% to 4.6%), cadmium (1.1% to 7.3%), 
copper (0.3% to 1.1%) and nickel (20%) (Hoffmann and Hofmann, 1998). 
 
Most of the toxic chemicals, metals and particle smoke constituents are entrapped in the CB 
filters.  The conventional cellulose acetate filter, particularly filters that have been treated with a 
plasticiser, for example, glycerol acetate effectively retained some of the volatile compounds 
such as acrolein and semivolatile compounds such as phenols, cresols (80% to 85%) and 
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carcinogenic dialkylnitrosamines (75%) in the smoke stream (Hoffmann et al, 1995).  Cellulose 
acetate filters are capable of trapping semi-volatile phenols (up to 80%), and volatile N-
nitrosamines (75%) (Hoffmann et al, 2001). 
 
Studies have been conducted to evaluate the effectiveness of cigarette filters.  Using standardised 
machine smoking that tested 97% of the cigarettes sold in the United States market in 1993, 
evaluation was made on selected toxic and tumorigenic agents in the smoke yields.  It is noted 
that the measurement conducted using the machine did not represent men and women who smoke 
the modern, low yield and filter tipped cigarettes.  Nevertheless, from the evaluation, it was 
found that normal filters decreased the nitrosamines volatiles and phenol content by more than 
50% and reduced the tar, nicotine, polynuclear aromatic hydrocarbons (PAHs), tobacco-specific 
N-nitrosamines (TSNAs) significantly as well as reducing the carbon monoxide.  As for the 
perforated filters that are normally used in light cigarettes; these significantly decreased carbon 
monoxide and hydrogen cyanide and also decreased tar, nicotine, nitrosamines volatiles, phenol, 
polynuclear aromatic hydrocarbons (PAHs), tobacco-specific N-nitrosamines (TSNAs) by more 
than 50% (Hoffmann et al, 1995). 
 
Another study, using the same amount of cigarette tobacco was carried out in experiments using 
four different filters.  Cellulose acetate filter, cellulose acetate perforated filter and cellulose 
acetate with highly porous paper are capable of retaining higher amounts of carbon monoxide, 
hydrogen cyanide, nitrogen oxides, formaldehyde, acetaldehyde, acrolein, tar, nicotine, phenol, 
benz(a)anthracene and benzo(a)pyrene in general compared to non-filtered cigarettes (Hoffmann 
et al, 2001). 
 
Moreover, heavy metals such as aluminium, zinc, lead, selenium, chromium, nickel and cadmium 
can also be trapped in the filters of the CBs (IARC, 1987; Chiba and Masironi, 1992; Kazi et al, 
2009). 
 
In addition, high permeability cigarette paper also efficiently decreased tar, carbon monoxide, 
nitrogen oxides, hydrogen cyanide, volatile nitrosamines, TSNAs and benzo(a)pyrene (BaP) in 
the smoke stream (Brunnemann et al, 1994). 
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Based on the literature review, it is evident that the littering of CBs is a significantly serious 
pollution to the environment as the residue of the tobacco, paper and filter with the trapped toxic 
contaminants, remain in each CB (Figure 2.7).  The increasing amount of this toxic waste raises 
concern over the traditional disposal methods, which are currently under increasing pressure to 
change and, thus, there is a significant need for alternative methods to be developed.  Regulations 
about solid wastes are becoming more restrictive (Basegio et al, 2002) and the disposal of toxic 
wastes such as CBs have resulted in growing opposition for suitable landfills especially as the 
leachability of CBs waste could lead to groundwater contamination if not properly managed 
(Ruan et al, 2005; Yuan et al, 2006).  In addition, handling toxic substances in landfills is 
becoming increasingly costly and difficult.  Incineration of solid waste contributes to air pollution 
(Knox, 2005).  Emission limits into the air may have an influence on the quality of waste to be 
incinerated and also on the cost of abatement of gaseous emissions (Hinshaw and Trenholm, 
2001).  Furthermore, this method also produces ashes that contain large amounts of hazardous 
materials such as heavy metals that still have to be disposed of (Narayana, 2009).  This is 
expected to have a considerable impact on trends to reuse or recycle rather than to incinerate or 
make use of landfills. 
 
 
Figure 2.7 Cigarette butt before and after use 
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Recycling the CB by itself for other purposes is difficult as there are no easy mechanisms or 
procedures to assure an efficient and economic separation of the butts, or appropriate treatment of 
the entrapped chemicals.  Therefore, a possible long term solution to deal with CB waste is to 
recycle it into building materials and use it for beneficial purposes.  One environmentally friendly 
way is to recycle the CBs into fired clay bricks.  This is because the bodies used in the brick 
industry are generally very diverse, as the composition of the clay, which is used as the main raw 
material, is also naturally variable in its characteristics (Dondi et al, 1997a).  Furthermore, the 
manufacturing of clay bricks with its large output only requires a simple processing technique as 
well as reasonably low technical performance of the finished product.  The most importantly, the 
high temperature in clay brick firing process allows (a) volatilisation of dangerous components, 
(b) changing the chemical characteristics of the materials, and (c) the incorporation of potentially 
toxic components through fixation in the vitreous phase of the waste utilised (Vieira et al, 2006).  
This novel idea could provide a sustainable method to immobilise the toxic chemicals that pose a 
very high risk towards the environment through either leaching or emissions.  At the same time, 
with the increasing concern regarding insufficient landfill sites and the growing environmental 
awareness about toxic incinerator emissions and ashes, it seems obvious that recycling the CB as 
clay brick raw material can be considered as an important step in the right direction.  Furthermore, 
the more CB waste is utilised in manufacturing the more the environment, as well as the 
economy, will benefit, as it will reduce the uncontrolled disposal of the waste and the associated 
harmful effect on the environment.  In addition, successful attempts by researchers with different 
types of waste have been demonstrated in recent years such as sludge (Basegio et al, 2002), 
polystyrene (Veiseh and Yousefi, 2003), kraft pulp residue (Demir et al, 2005), fly ash (Kayali, 
2005; Lin, 2006), processed waste tea (Demir, 2006), sawdust, tobacco residues and grass (Demir, 
2008), and paper (Sutcu and Akkurt, 2009) to produce light-weight brick.  Collectively, the 
aforementioned reasons are the driving force to investigate the possibility of incorporating CBs in 
fired clay bricks. 
 
2.5 FIRED CLAY BRICK  
 
Brick is one of the oldest manufactured building materials in the world.  Hand-moulded clay 
bricks have been found in the lower layers of Nile deposits in Egypt, dating as far as 14,000 BC. 
The first sun-dried bricks were made in Mesopotamia, in the ancient city of Ur (Iraq), around 
4,000 BC (Christine, 2004).  Starting from 5,000 BC, firing was used to preserve clay bricks. 
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Both fired and unfired bricks have been discovered to be used in early civilizations in the hot 
countries of the Indus valleys, between the Tigris and Euphrates, and in Egypt (Lynch, 1994). 
The Romans used fired bricks and were responsible for its introduction and use in England 
(Christine, 2004).  Also, bricks were part of the cargo of the First Fleet to Australia, along with 
brick moulds and a skilled convict brick maker.  As early as March 1788, a source of suitable 
clay was found in the new colony and brick making began. 
 
Today, brick is one of the most demanding masonry units.  It is also the most wide-ranging of 
products, with its unlimited assortment of patterns, textures and colours.  In 1996, the industry 
produced 300 million bricks in Victoria, which is about 55% of the potential production of the 
facilities available.  Export markets include Japan, New Zealand, the Middle East and other 
Asian nations. This is equivalent to an annual turnover of 130 million dollars (EPAV, 1998).  
Brick is durable and has developed with the times and remains highly competitive, technically 
and economically, with other systems of structure and field.  The main raw material for bricks is 
clay other than clayey soils or soft slate or shale, which is usually obtained from open pits with 
the attendant disruption of drainage, vegetation and wildlife habitat (Hendry and Khalaf, 2001).  
Clays for brick making vary broadly in composition and depend on the locality from which the 
soil originates.  Different proportions of clays are composed mainly of silica (grains of sand), 
alumina, lime, iron, manganese, sulphur and phosphates.   
 
The term brick is used to signify solid clay masonry units.  In general, clay bricks are small, 
rectangular blocks made of fired clay.  Most bricks produced today are of standard nominal 
modular sizes and shapes.  The thickness of the mortar joint is included in the nominal 
dimensions of masonry units (Marotta and Herubin, 1997; Marotta, 2005).  The normal size of a 
standard building brick in Australia is 76 mm x 230 mm x 110 mm, however, other standard 
special shapes such as bats and arches are readily available.  Cores below 25% of the total cross-
sectional area are considered as cored units.  Differentiations in size and the number of cores 
influence the bond strength, mass of brick and drying process during the firing phase of brick 
making. 
   
Bricks are manufactured by grinding or crushing the clay in mills and mixing it with water to 
make it plastic.  The plastic clay is then moulded, textured, dried and finally fired.  The firing 
temperature for brick making varies from 900oC to 1200oC (Jackson and Dhir, 2000).  The 
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process originated from the humble beginning of sun dried and hand moulded mud bricks that 
gradually evolved into more systematic and industrialised practices leading to the fired clay brick 
in use today.  Variations in colour such as brown, grey, pink, and dull brown can be produced 
depending on the firing temperatures of the clay during manufacturing.  Clay bricks have an 
average dry density of 2000 kg/m3 (Mamlouk and Zaniewski, 2006).  
 
Clay bricks are very durable, fire resistant, and necessitate very little maintenance.  The principal 
properties of brick that make them a superior building unit are strength, fire resistance, durability, 
beauty and satisfactory bond and performance with mortar (Lynch, 1994; Hendry and Khalaf, 
2001).  Clay bricks are quite comparable in all these properties except the strength.  However, the 
strength variations are wide ranging, on average clay bricks are much higher than other masonry 
materials. 
 
Additionally, bricks do not cause indoor air quality problems.  The thermal mass effect of brick 
masonry can be a useful component for fuel-saving, natural heating and cooling strategies such as 
solar heating and night-time cooling.  They have moderate insulating properties, which make 
brick houses cooler in summer and warmer in winter, compared with houses built with other 
construction materials.  Clay bricks are also non-combustible and poor conductors (Mamlouk and 
Zaniewski, 2006).   
 
2.5.1 Composition of Fired Clay Brick 
 
Clay as a raw material for clay brick is most valued due to its ceramic characteristics (Lynch, 
1994; Christine, 2004).  Clays are derived from the decomposition of rocks, such as granite, 
pegmatite, and those used in the manufacture of brick are usually from alluvial or waterborne 
deposits.  The materials are highly inert and chemically stable due to the combined processes of 
rock disintegration, erosion and alluvial deposit, which have occurred over many thousands of 
years.  Clays are chemically composed of a mixture of aluminosilicic acid (pure clay), free silica 
(quartz) and small parts of original decomposed rock.  The presence of these rock particles causes 
the clays to burn into bricks of varying colours and appearance.  The important properties of 
clays (which are essentially compacted clays) that make them highly desirable as brick materials 
are the development of plasticity when mixed with water and the hardening under the influence 
of fire, which drives off the water content (Marotta and Herubin, 1997).  Normally, the physical 
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nature of the raw materials controls the manufacturing methods.  The overall process consists 
fundamentally of screening, grinding, washing and working the clay to the proper consistency for 
moulding into bricks, regardless of whether the process is done by hand or machine.  
 
2.5.2 Types of fired clay brick 
 
Bricks are used for different purposes, including building, facing and aesthetics, floor making and 
paving.  Building bricks are graded according to appearance and properties related to durability 
and resistance to weathering, such as water absorption, compressive strength and saturation 
coefficient.  Bricks are generally classified as 1) Common 2) Facing and 3) Engineering 
(Handisyde and Haseltine, 1976; Nash, 1989; Lynch, 1994; Zsembery, 2001; Christine, 2004; 
Mamlouk and Zaniewski, 2006).  
 
Building bricks (common bricks) (Figure 2.8) are used as a structural material and typically are 
strong and durable.  Common bricks are so called as they are made in various parts of the world, 
and even those from the same kiln may have different colours and surface textures.  Some clays 
burn to a red colour while others may burn to darker or lighter colours and shades.  There is an 
almost endless variety of colours and textures available.  Many common bricks have excellent 
properties and, consequently, they are widely used for foundations, inner leafs of cavity walls and 
as alternatives to rendering and plaster.  However, the increasing demand and popularity of light-
weight bricks since 1970s has affected the demand for common bricks (Lynch, 1994). 
 
Any brick that is used for the exposed (outer) face of brick masonry is a facing brick (Figure 2.9), 
but demands and usage have led to the controlled production of specific surface appearances. 
Facing bricks are specially manufactured to produce an attractive appearance without rendering, 
plaster or other surface treatment of the wall.  The bricks are normally used for aesthetic purposes 
as well as their strength and good resistance to exposure.  Facing bricks are manufactured in two 
durability grades for severe weathering and moderate weathering.  Each durability grade is 
manufactured in three appearance types: FBS, FBX and FBA.  These three types stand for face 
brick standard, face brick extra and face brick architecture.  Type FBS bricks are used for general 
exposed masonry construction.  Type FBX bricks are used for general exterior and interior 
masonry construction, where high degrees of precision and low variation in size are required.  
The FBA type bricks are manufactured to produce characteristic architectural effects by taking 
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advantage of the non-uniformity in size and texture of the individual units (Christine, 2004; 
Mamlouk and Zaniewski, 2006).  They are also are available in different sizes, colours, and 
textures, while floor bricks are used on finished floor surfaces and are generally smooth and 
intense with a high resistance to abrasion.  Hence, paving bricks are used as a paving material for 
roads, sidewalks, patios, driveways and interior floors.  Paving bricks are available in different 
colours, such as grey, brown or red. They are naturally abrasion resistant and can be vitrified 
(Mamlouk and Zaniewski, 2006).   
 
Engineering bricks (Figure 2.10) are generally classified as either Class A or Class B according 
to the bricks minimum strength and maximum water absorption.  The bricks are dense, semi-
vitreous with specified strength and water absorption properties (4.5% to 7%).  According to their 
appearance, these bricks are further sub-divided into facings and commons.  Although there are 
numerous excellent load bearing common and facing bricks that meet the requirements for Class 
A engineering, they may not be classified as such because they do not comply with the required 
water absorption value.  Engineering bricks derived their name from their use in civil engineering 
works, including the construction of sewers, aqueducts and bridges, during the nineteenth and 
twentieth centuries.  The engineering bricks are widely used, especially for civil engineering 
works as well as for powerhouses, engine pits and damp proof courses (Lynch, 1994).  
 
 
Figure 2.8 Common brick 
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Figure 2.9 Facing brick 
 
 
Figure 2.10 Engineering brick 
 
2.5.3 Light-weight brick 
 
Light clay bricks or light-weight bricks are lighter than standard bricks.  Light-weight bricks are 
generally preferred because it is easier to handle and its transportation costs are proportionately 
lower. The development of light-weight bricks allows brick manufacturers to reduce the total clay 
content through the introduction of holes or incorporation of combustible organic particles that 
reduce the mass of the brick while maintaining the required properties.  
 
Bricks with holes are defined according to their physical form (Lynch, 1994; Hendry and Khalaf, 
2001): 
a) Perforated bricks (Figure 2.11) – have holes not exceeding 25% of the gross volume of 
the brick.  The holes are so disposed that the aggregate thickness of solid material, 
measured horizontally across the width of the unit at right angles to the face, is not less 
than 30% of the overall width of the brick at any point.  The area of any one hole does not 
exceed 10% of the gross area of the brick. 
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b) Frogged bricks (Figure 2.12) – have depressions known as ‘frogs’ in one or more of the 
bed faces that do not exceed 20% of the gross volume of the brick. 
c) Cellular bricks (Figure 2.13) – may have holes or cavities not exceeding 20% of the gross 
volume of the brick; a cavity being a hole that is closed at one end. 
 
 
Figure 2.11 Perforated brick 
 
 
Figure 2.12 Frogged brick 
 
 
Figure 2.13 Cellular brick 
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As demands for light-weight bricks increases annually, incorporating new building materials to 
replace or supplement the use of clay in manufacturing the bricks, thereby reducing the cost of 
production and the amount of clay used, has been encouraged since the 1970s.  This is 
particularly pertinent as the brick manufacturing industry consumes a considerable amount of 
clay.  Environmentally friendly, energy saving recycling of material production has been one of 
the very important research fields for decades (Demir, 2006).  As the volume of waste from 
production, industrial and daily activities continue to increase rapidly to meet the demand of the 
growing population while the environmental regulations become more restrictive, alternative 
methods to manage and utilise these wastes have to be determined.  Therefore, a popular trend by 
researchers is to incorporate these wastes into fired clay bricks to assist with the production of 
light-weight bricks.  The utilisation of these wastes will help to reduce the negative effects of 
their disposal.  However, the potential waste can only be recycled if the properties and the 
environmental pollutant of the new manufactured brick meets the specific requirements and 
complies with the relevant standards.   
 
2.6 OVERVIEW OF RECYCLED WASTES IN CLAY BRICKS 
 
As mentioned before, due to the demand of light-weight brick, many researchers have 
investigated the potential waste that can be recycled or incorporated into fired clay bricks.  Due 
to the flexibility of the brick composition (Dondi et al, 1997a), different types of waste have been 
successfully incorporated into fired clay bricks by previous researchers, even in high percentages. 
From a review of the literature relating to the inclusion of waste materials it is apparent that these 
vary from the most commonly used wastes such as various types of fly ash and sludge to sawdust, 
kraft pulp residues, paper, polystyrene, processed waste tea, tobacco, grass, spent grains, glass 
windshields, PVB-foils, label papers, phosphogypsume and boron concentrator.   
 
Many new types of waste have been identified as recycling these wastes provides environmental 
advantages by disposing of the wastes while simultaneously reducing the amount of clay used for 
manufacturing bricks.  Furthermore, the utilisation of these wastes in clay bricks usually has a 
positive effect on the properties; however, a decrease in the performance in certain aspects has 
also been observed. The effects demonstrated cover the complete manufacturing process 
including shaping, drying and firing.  Positive effects like light-weight bricks with improved 
shrinkage, porosity, thermal properties and strength can be obtained with the recycled wastes. 
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Moreover, lower energy consumption through the contribution of the high calorific value 
provided by many types of waste has also been achieved.  
 
Kayali (2005), manufactured bricks with 100% fly ash as the solid ingredient called FlashBricks. 
The equipment and techniques used in manufacturing the bricks were similar to those used in the 
clay brick industry.  Samples were fired at 1000°C to 1300°C and were formed into moulds. 
Fired FlashBricks produced bricks that were 28% lighter than standard clay bricks.  The results 
show that FlashBricks improved most of the properties compared to those of a standard brick. 
The compressive strength obtained was 40 MPa and the tensile strength was improved almost 
three times compared to that of a standard clay brick.  In addition, the brick also achieved a bond 
44% higher than a standard clay brick and the resistance to salt exposure with zero loss of mass 
was excellent.  In terms of appearance, the fired FlashBricks have a reddish colour similar to a 
standard brick but a rougher texture was observed on the surface of the brick.   
 
In a similar study by Pimraksa et al (2001), bricks were also manufactured using 100% lignite fly 
ash.  The effect on the mechanical properties of four different treatments of fly ash: sieved -
63+40 µm fly ash, sieved -40 µm fly ash, ground 5 hour fly ash and ground 10 hour fly ash were 
investigated.  The optimal firing temperature was between 900°C to 950°C at 3°C/min for each 
type of the manufactured samples.  Most samples tested demonstrated less than 4% of weight loss 
and less than 3% of shrinkage value.  The results from the experimental work conducted 
demonstrated that bricks manufactured with -40 µm fly ash and fired at 950°C obtained better 
results in mechanical strength, specifically, in compressive strength (56.3 MPa) and bending 
strength (13.1 MPa) compared to red fired clay bricks, common clay bricks and facing bricks. 
Also, some bricks manufactured with the other three types of fly ash in this study also performed 
better than red fired clay bricks and common clay bricks.  Other properties determined in this 
study complied with the standards and the requirements of the market demand.  
 
As for Lin (2006), this study used fly ash slag from the municipal solid waste incinerator (MSWI) 
to make fired clay bricks.  The percentage of added waste varied from 10% to 40% and the bricks 
were fired at 800°C, 900°C and 1000°C.  The results of the physical and mechanical properties 
indicated that using a high amount of fly ash slag increased the dry density and compressive 
strength value but decreased the water absorption rate.  Nevertheless, all the values determined 
for both parameters met the Chinese National Standard (CNS) building requirements for second-
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class bricks.  The degree of shrinkage in the firing process also decreased with the addition of fly 
ash slag to the mixture, which is a good indicator of the potential of the waste as a replacement 
for clay in bricks.  All the heavy metal concentrations measured by the Toxicity Characteristics 
Leaching Procedure (TCLP) met the current regulatory thresholds.  Furthermore, Lin (2006) 
recommended that using 40% of fly ash slag with 800°C as the firing temperature is optimal for 
producing a good quality brick while saving energy usage in the manufacturing process. 
 
Furthermore, Lingling et al (2005) used wet low quality fly ash ranging from 50% to 80% by 
volume to replace clay in manufacturing fired bricks.  The firing temperature used was 1050°C 
instead of 900°C as normally used to fire standard clay bricks.  The effect of incorporating a high 
percentage of the pulverised fly ash was investigated and the results show that the addition 
increased the compressive strength value and decreased the plasticity of the brick mixture and the 
water absorption rate.  Moreover, there was no cracking due to lime addition and a high 
resistance to frost melting was observed.  In addition, another advantage of incorporating this 
waste was the high resistance of the manufactured bricks to efflorescence.  
 
Dondi et al (1997a) also reviewed several studies regarding fly ash.  According to Dondi et al 
(1997b), the clay and fly ash ratio used in previous research ranged from 10:1 to less than 1:1. 
One of the advantages of using fly ash is that this waste saves the firing energy as its calorific 
value ranges from 1,470 to 11,760 kJ/kg.  The other properties tested showed an improvement in 
plasticity, drying and decreased firing shrinkage and crack formation (Sajbulatow et al, 1980; 
Srbek, 1982; Anderson and Jackson, 1983).  However, these depend on the quantities of fly ash 
added and the use of different compositions in the brick (Anderson and Jackson 1983; Usai, 1985; 
Pavlola, 1996).  Different particle size distribution also has an effect on the properties.  Fine fly 
ash proved better than coarse fly ash (Anderson and Jackson, 1983) as the fine fly ash improved 
the dry density, firing shrinkage and mechanical properties.  Moreover, the addition of fly ash 
also reduced efflorescence (Mortel and Distler, 1991).  In addition, in certain cases, the fly ash 
utilisation increased the clay body plasticity and a high amount of fly ash (Anderson and Jackson, 
1983) reduced the drying shrinkage, dry strength and other mechanical properties of the 
manufactured brick.  Therefore, Dondi et al (1997b), concluded that the addition of 10% fly ash 
is favourable in terms of energy saving.  From an economic point of view, for example, 
transportation costs, the results vary from very promising (Sajbulatow et al, 1980) 
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recommendable (Mortel and Distler, 1991; Anderson and Jackson, 1983; Srbek, 1982; Usai, 1985) 
to unconstructive (Anonymous, 1979). 
 
Rouf and Hossain (2003), used 5%, 15%, 25% and 50% of iron and arsenic sludge in clay bricks 
with firing temperatures of 950°C, 1000°C and 1050°C.  In this study, they claimed that 15% to 
25% by mass with 15% to 18% optimum moisture content is the appropriate percentage of sludge 
mixture to be incorporated.  The compressive strength test indicated that the strength of the brick 
depends significantly on the amount of sludge in the brick and the firing temperature.  The results 
showed that 15% by mass is the optimum amount of sludge with a 1000oC firing temperature. 
However, the strength of the brick can be as high as normal clay bricks with up to 25% sludge at 
a firing temperature of 1050oC.  The specific surface area of the corresponding mixture, the 
particle fineness and water requirement increased proportionally to the amount of sludge added to 
the clay.  However, it decreased the plastic behaviour of the clay.  The water absorption of the 
brick also decreased when the amount of sludge was reduced with an increased firing temperature. 
The quantity of sludge added to the mixture is inversely relative to the bulk dry density.  With the 
right amount of moisture content in the mixture, any deformation or uneven surface were not 
occurred on the manufactured samples at all firing temperatures.  The leaching of arsenic 
resulting from the TCLP test was far below the regulated TCLP limits and the quantity of metal 
sludge was less than dried sludge.  The study concluded that the proportion of sludge and firing 
temperature are the two main factors in controlling the shrinkage in the firing process and for 
producing a good quality brick at the same time.  Sludge proportions of 15% to 25% sludge and 
firing at 1000oC to 1050oC were suggested by Rouf and Hossain (2003), for producing good 
quality sludge bricks.  They demonstrated that the original characteristics of normal clay bricks 
are retained with the addition of 25% sludge and that arsenic leaching is significantly reduced 
when bricks are burnt at a high temperature.   
 
Basegio et al (2002) discussed the utilisation of tannery sludge as a raw material for clay products. 
Tannery sludge and clay were mixed together with different proportions (9%, 10%, 20% and 
30%) as the raw materials in this study.  The brick was fired at 1000°C, 1100°C and 1180°C and 
was shaped in the mould using the hydraulic pressing method.  Specific testing for clay bricks 
was conducted on the samples to determine the mechanical properties.  Water absorption 
increased with the increased in percentage of sludge.  With an increased firing temperature the 
water absorption and porosity decreased considerably.  A higher firing temperature and a lower 
Chapter 2                                                                                                                                                 Literature review                                                                                              
Aeslina Abdul Kadir – PhD Thesis                                                                                                                                32 
amount of sludge showed the greatest dry density of all.  The maximum shrinkage occurred 
between 1100°C and 1180°C.  Samples containing 30% sludge showed the lowest dry density 
and highest linear shrinkage.  The bending strength increased with a higher firing temperature 
and lower sludge addition with a maximum of 25 MPa with 0% and 10% sludge at 1180°C. 
Porosity also has an influence on the mechanical properties of the material.  According to the 
Brazilian Standard, the results collected from the leaching test in this research show that the main 
sludge contaminant, which is chromium, might have been immobilised in the finished clay 
product, however 30% sludge was recommended as the raw material to prevent lead in the 
leachable waste.  As for the gas emissions, the clay product did not immobilise the gas, thus, 
sulphur, zinc and chlorine were detected during the test.  Still, the bricks application complied 
with the minimum requirements for the building industry and 10% tannery sludge was deemed a 
safe amount to be used in respect of the environmental characteristics of the product. 
   
Studies were also reviewed by Show and Tay (1992) on the potential of sludge applications.  It is 
reported that Tay (1984; 1985; 1987) used municipal wastewater sludge mixed with clay to 
produce bricks.  The percentages by mass of dried municipal sludge used ranged from 10% to 
40% with 1080°C as the firing temperature.  The shrinkage after firing and water absorption 
value increased with the increased amount of sludge.  An uneven surface texture to the finished 
product was observed due to the organic substances in the sludge.  Yet again, Tay (1987) also 
utilised pulverised sludge ash, which was collected after sludge incineration at 600°C.  The 
addition of 10% to 50% pulverised sludge ash was carried out and it was concluded that 50% by 
mass is the maximum to produce a good bonding brick.  The water absorption increased with the 
amount of sludge ash incorporated.  The strength obtained from the test was as high as normal 
clay bricks with 10% of sludge ash and much better than clay with dried sludge.  The maximum 
percentage of dried municipal sludge and municipal sludge ash that could be mixed with clay for 
brick making is 40% and 50% by mass, respectively.  Leaching tests conducted on the sludge 
product also showed positive results with no sign of potential contamination problems for similar 
applications.  Another sludge that was recycled by Tay et al (2001) was industrial sludge.  Bricks 
were manufactured from industrial sludge from 30% up to 100%.  The employed firing 
temperature was 1050°C.  During the observation, cracks were prone to occur during firing with 
100% sludge and 90% sludge with 10% clay.  The water absorption limit of 7% was verified for 
bricks of all mixtures except for bricks that contained 50% of clay.  Tay et al (2002) also reported 
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that ‘biobricks’ were manufactured by mixing clay and shale with sludge with a solid content 
ranging between 15% to 25%.    
 
As for Liew et al (2004), they discussed the incorporation of sewage sludge in clay bricks and its 
characterisation.  In this study, 10% to 40% dry weight of sludge was added to produce clay 
bricks.  The manufactured brick was hand moulded by the compaction method and fired at 985°C. 
Although the surface and exterior of the sludge enhanced clay bricks were rather rough and poor 
a sludge content of up to 40% still complied with the required standards in terms of the physical 
and chemical properties.  Nevertheless, the researchers concluded in this study that the maximum 
percentage of sludge should not be more than 30% by mass due to its fragility and that the 
addition of 20% sludge would maintain the functional characteristics of the brick.  In general, a 
high amount of sludge added into the clay brick increased the drying shrinkage but decreased the 
firing shrinkage.  The water absorption value increased by up to 37% compared to the control 
brick (23.6%) and the compressive strength decreased to 2 N/mm2 against 15.8 N/mm2 for the 
control brick, which was obtained with the addition of 40% sludge.  Gases included steam and 
CO2, which were emitted during the firing process due to the combustion of the organic content 
in the sludge.  At the same time, cracking and bloating were also observed at the fired brick.  The 
cross sections of the brick also revealed black coring attributed by the organic matter.  A 
significant growth of pores was also identified and contributed to the mechanical properties that 
were achieved with the inclusion of 10% to 40% sludge.  Because of all the weaknesses, the 
bricks produced in this study were only appropriate for use as common bricks because of the poor 
exterior surface.   
 
According to Dondi et al (1997a) in their review of previous researchers, waste from sewage 
sludge treatment plants was used in several studies.  The waste is high in organic content, varying 
from 10% to 20% by mass in the incinerator of solid urban wastes to as high as 60% or even 
higher for sewage sludge (Mesaros, 1989).  Validation on the specific amount of calorific value is 
hard to verify but an estimated calorific value of 10,000 kJ/kg of dry fraction is estimated to save 
from 10% (Mesaros, 1989) to 40% and could be higher.  According to Dondi et al (1997a), a 
positive contribution can be achieved from less than 2% up to 25% to 30% (Allemen, 1987; 
Allemen, 1989) from the waste added to the clay brick.  A higher amount of sludge could lead to 
negative results to the manufactured brick (Mesaros, 1989; Brosnan and Hochlreitner, 1992).  
The main advantages are related to the amount of energy saved and the environmentally friendly 
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way for disposing of the sludge waste (Slim and Wakefield, 1991; Churchill, 1994).  Increased 
plasticity due to the fibrous nature of the waste added makes brick moulding easier (Allemen, 
1987; Mesaros, 1989).  However, the dry shrinkage results obtained were not in agreement as 
some cases seemed to involve significant increases in shrinkage with crack formation during the 
drying process (Mesaros, 1989; Allemen, 1989) while others involved less dry shrinkage and 
drying sensitivity (Brosnan and Hochlreitner, 1992).  In other articles reviewed by Dondi et al 
(1997a) that utilised sludge from treatment plants revealed an increased percentage of water 
absorption and firing shrinkage and a decrease in dry density, for example 30% of sewage sludge 
reduced the dry density by 15% (Tay, 1987).  The mechanical strength also decreased from 4 to 
30%, and with a higher addition of sludge (40%), up to 50% reduction was observed for the 
strength (Tay, 1987).  Negative aspects of the firing process included the unpleasant odour 
emitted (Brosnan and Hochlreitner, 1992), efflorescence effect (Brosnan and Hochlreitner, 1992) 
and black coring to the final product. 
 
The sludge from the wastewater treatment process of the paper industry was also reviewed by 
Dondi et al (1997a).  With 20% by mass of dry weight of organic substances (Zani et al, 1990) 
and a calorific value of around 8,400 kJ/kg, the mass of the brick was reduced by more than 50% 
by mass (Zani et al, 1990) due to the large organic content in the waste.  Dondi et al (1997a) also 
stated that studies were carried out incorporating not more than 10% by mass of the dried sludge 
to the clay bodies.  It was concluded that the optimum range was from 3% to 8% by mass (Zani 
et al, 1990).  Incorporation of the sludge in the body of the brick increased the dry shrinkage and 
the required water content for the manufactured brick.  No significant problems occurred during 
the moulding and the drying process (Zani et al, 1990) even though some studies revealed that 
the fibrous nature of the waste led to shaping and moulding difficulties and also affected the 
amount of waste that should be incorporated (Kutassy, 1982).  A low addition of this waste did 
not affect the brick properties extensively, however, a slight increase in water absorption, an 
insignificant reduction in the mechanical strength and deterioration of the fired bricks were some 
of the effects from adding the waste (Kutassy, 1982).  Fuel savings varied from very low values 
(Kutassy, 1982; Zani et al, 1990) up to about 18% (Zani et al, 1990) with sludge incorporation.  
However, different conclusions were made among the studies conducted.  It was claimed that this 
waste offers economic benefits while still maintaining the properties of the manufactured bricks 
(Zani et al, 1990).  In addition, sludge waste from the paper industry was successfully recycled 
by a number of Italian brick manufacturers. 
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Krebs and Mortel (1999) also investigated various waste additives for inclusion within the bricks 
such as fly ash, sludge and spent grains that can be used directly in the brick.  However, some 
types of waste had to be processed before it could be used, for example, windshield glass, PVB-
foils and label papers.  The main objective of these additives is to act as pore formers in the 
manufactured brick.  A combination of pelletised old labels and fly ash obtained good results.  
No problem occurred during the manufacturing process.  The residues utilised reduced the dry 
density while maintaining similar or achieving an even higher compressive strength.  Significant 
porosity growth was also observed with the burn out of the label pellets.  The PVB-polymer, 
which was produced from windshield glass, also demonstrated positive results on the fired brick. 
Energy usage was reduced by recycling this pore forming agent inside the brick due to its high 
calorific value (28,260 kJ/kg), which contributed to the firing process.  Hence, gas emissions 
have to be monitored as the combustion of PVB-polymer almost completely turned into CO2 and 
H2O.  Crushed PVB-polymer additives confer more positive results to the brick.  The PVB-
pellets improved the drying shrinkage of the green brick tremendously and increased the porosity 
of the bricks produced accordingly. 
 
However, the usage of the glass grit, another waste produced from car windshields, decreased the 
plasticity and positively affected the firing process of the manufactured brick.  Lower firing 
temperatures could also be employed with this additive and the brick produced offered similar 
strength with increased porosity that resulted in better thermal characteristics. 
 
Krebs and Mortel (1999) also mentioned that residue from brewery waste, spent grains, have 
been tested on an industrial scale.  The same experimental procedure that was carried out for the 
label pellets was conducted on the spent grains.  The same positive effects were also 
demonstrated with this residue.  The resulting light-weight bricks had improved porosity and 
thermal conductivities without affecting the mechanical strength. 
 
The inclusion of fly ash (Krebs and Mortel, 1999) resulted in various advantages; it improved the 
thermal insulation, decreased the water content added and contributed to the firing process with 
its carbon content.  In addition, the titanium content of the fly ash changed the colour of the brick 
from red to ochre. 
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Processed waste tea (PWT) was another waste that was noted by Demir (2006) to be used in clay 
bricks.  Varying percentages of waste, 0%, 2.5% and 5%, by mass were incorporated in the clay 
bricks.  The potential of PWT in the unfired and fired clay body was investigated due to the 
organic nature of PWT.  The improved compressive strength results, compared to the control 
samples indicated that the pore forming of PWT in the fired body and the binding in the unfired 
body have a significant potential in both conditions of clay brick.  The firing temperature used 
was 900°C.  It was observed that with higher amounts of PWT the shrinkage, water absorption, 
compressive strength and porosity were increased but the dry density was decreased.  The 
organic characteristics of PWT supplement the heat input of the furnace and act as an organic 
kind of pore forming additive.  The usage of the waste improved the physical and mechanical 
properties of the bricks and also one of the environmentally friendly alternatives in brick 
manufacturing. 
 
Another waste that can be utilised in clay bricks according to Demir et al (2005) is kraft pulp 
production residues.  Increasing amounts of the waste have been incorporated in clay bricks by 
0%, 2.5%, 5% and 10%.  All samples were fired at 900°C with another group being left unfired. 
The required water content and drying shrinkage increased with the increased amount of kraft 
pulp residue.  Ten percent addition is not suitable due to the increased drying shrinkage.  
However, the addition of up to 5% residue increased the dry bending strength, which is useful for 
handling purposes of the unfired bricks.  The organic nature of the waste supplemented the heat 
input of the kiln.  It can also be effectively used in pore forming for the clay brick at up to 5% 
addition levels.  The compressive strength value decreased with the addition of the waste but still 
complied with the standards. 
 
Furthermore, Demir (2008) also utilised various organic residues such as sawdust, tobacco 
residues and grass from industrial and agricultural waste.  These residue materials have long 
cellulose fibres.  Differing amounts of waste were incorporated in the clay bricks – 0%, 2.5%, 5% 
and 10%.  All samples were fired at 900°C while one batch was left unfired.  According to Demir 
(2008), while maintaining acceptable mechanical properties, these wastes could act as an organic 
pore forming agent in clay bricks and increased the porosity, thus, improving the insulation 
properties.  Adding organic residues increased the plasticity and, thus, increased the water 
content required.  A residue addition of 10% is not suitable as the drying shrinkage increased 
excessively due to the effect of cellulose fibres.  The dry strength of the brick increased but the 
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compressive strength of the fired samples reduced by the addition of the residues.  Nevertheless, 
the compressive strength values still complied with Turkish Standards.  Five percent of the 
residue addition was effective for pore forming but further additions reduced the dry density 
value and increased the porosity. 
 
Ducman and Kopar (2007) also investigated the influence of the addition of different waste 
products to the clay bricks.  Four different waste products were selected which were sawdust, 
stone mud and papermaking sludge waste.  Different proportions for each waste were carried out 
and the influence on the physical and mechanical properties was determined.  Sawdust and paper 
making sludge were added by up to 30% to the clay and fired around 850°C to 920°C.  In 
contrast, almost 100% silica stone mud was utilised and fired at 900°C.  As for stone granite 
stone mud, the highest percentage used was 30% and fired at about 1008°C to 1052°C.  The 
shrinkage after drying was reduced with the addition of sawdust but increased with papermaking 
sludge, silica and granite stone mud.  The reduced effect is favourable as it lessened the crack 
formation during the drying process.  The shrinkage and dry density after firing were much lower 
with the addition of sawdust and sludge, which acted as pore forming agents thereby increasing 
the porosity.  The compressive strength, with 30% of sawdust, was 10.7 MPa.  This was less than 
half that of the control brick, which was 23.9 MPa.  However, the addition of papermaking 
sludge improved the strength due to the calcite content.  Hence, a combination of sawdust, 
papermaking sludge and clay could obtain adequate strength comparable to the control clay brick. 
A reduction in dry density and compressive strength was observed for the silica and granite stone 
mud.  The compressive strength decreased from 62.5 MPa to 50.7 MPa with the addition of 50% 
silica stone mud and up to 10% was suggested as the optimal addition for granite stone mud to 
avoid a significant effect on the mechanical properties of the clay brick.  In addition, both waste 
additives demonstrated higher water absorption.   
 
Dondi et al (1997a) also reviewed about recycling sawdust from the wood manufacturing 
industry to produce light-weight bricks.  The calorific value ranged from 7,000 to 19,000 kJ/kg 
and saved up to 15% of the energy usage during the entire firing process.  The optimum amount 
of sawdust added was between 4% to 5% by mass.  To avoid preliminary grinding, the maximum 
sizes of the particles must be below 2 mm.  Some researchers discovered that the use of this 
waste improves the workability of the clay and reduces the drying time, while some found the 
utilisation could cause problems during the manufacturing and drying phase.  Furthermore, a 
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reduction in the strength properties and an increase in the water content value were also observed 
(Isenhour, 1979).  The finished product was light-weight with better thermal and acoustic 
properties.  Water absorption was increased and the shrinkage value either remained the same or 
decreased slightly, however, the mechanical strength decreased considerably by up to 10% to 
30%.  The studies concluded that only small quantities of sawdust should be incorporated within 
the body of the brick (Isenhour, 1979) to gain economic and technological advantages.  This is 
because negative effects were also demonstrated from the added waste involving gas emissions 
of noxious elements (Kohler, 1988; Mortel and Distler, 1991) and the formation of efflorescence 
(Kohler, 1988).  In addition, a small number of Italian brickworks also incorporated sawdust into 
the body of the brick that could act as an additive as well as furnace fuel. 
  
Other wastes incorporated in clay bricks include those derived from the textile industry; fibrous 
wool waste and wool wash water treatment sludge have also been examined and summarised by 
Dondi et al (1997a).  These wastes are capable of considerable fuel savings (up to 20%) in brick 
manufacturing.  However, the calorific values offered vary according to the origin of the wastes. 
Dependent on the amount of organic substance in the waste, the waste used in the body was less 
than 1.5% and 10% by mass of the fibrous wool and wool wash sludge, respectively.  The 
existence of textile waste produced a light-weight brick, with increased water absorption but a 
lower bending strength (about 20%).  However, the data concerning the efficiency of recycling 
this material with reference to the energy usage and economical aspects are lacking.  Most of the 
drawbacks refer to the transport and treatment costs. 
 
Recycling waste produced by tanning plants was also assessed by Dondi et al (1997a).  Disposal 
sludge (Komissarov et al, 1994; Pavlova 1996) or tanned hide residues are the main waste 
produced by the tanning industry and it is difficult to recycle these wastes due to the existence of 
polluting elements, especially chromium.  Considering its high calorific value (84,000 kJ/kg), 
with continuous monitoring of the toxicity and the environmental impact this sludge can be 
potentially used as a fuel.  In this case, the amount of waste depends mainly on the chromium 
content.  Therefore, only 10% of the waste was added to the clay body.  The finished product 
waste produced a light-weight brick with good heat insulation properties.  In the chrome tanned 
hide residues case, with 2% of mass added, the waste efficiently decreased the plasticity, the 
shrinkage value, bending strength and increased the porosity of the manufactured brick.  Tanning 
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wastes are potentially recyclable in bricks, however, the emission of unpleasant odours and 
chromium pollution has to comply with the required standards.  
 
Dondi et al (1997a) also reported on the possibility of recycling coal-mining waste (Boldyrev, 
1989; Caligaris et al, 1990; Mikhailov, 1990; Polach, 1990; Kapustin et al, 1991; Andrade et al, 
1994).  The waste originated from the coal mining and refining processes.  The high calorific 
value from the coal mining and refining processes exhibited major energy savings that were 
estimated from 20% to 40% with the highest being 60% (Boldyrev, 1989).  These wastes also 
consisted of inorganic components, mainly clay minerals and quartz.  Some of the materials can 
be used as they are while others have to be refined or ground.  Hence, the usual amount added is 
between 5% to 15% by mass (Andrade et al, 1994).  However, some of the researchers 
recommended the use of high amounts of this waste as an alternative to the raw materials for 
brick making (Caligaris et al, 1990).  Generally, the waste addition improved the drying 
behaviour and the mechanical strength of the green brick.  The porosity value also increased in 
the fired products, while shrinkage behaviour depends on the nature of the waste added.  These 
characteristics contributed to the mechanical strength reduction of the fired brick (Polach, 1990). 
In terms of technological and economic value, the utilisation of coal waste demonstrated a 
positive contribution as shown in some cases where low cost and good quality products were 
produced.  
 
Dondi et al (1997a) also observed the incorporation of petroleum refinery waste in the brick 
bodies and claimed the addition guaranteed efficient fuel savings due to the high calorific value, 
for example, the calorific value of petroleum coke is about 31,000 kJ/kg.  The percentage added 
of this waste is normally not more than 2.5% by mass.  In the experiments conducted, the 
properties of bricks were maintained except for the bending strength (maximum 15%), which did 
not comply with the standards.  Good heat insulating properties resulting from the effect of the 
increased porosity could be produced with 1% to 2% petroleum wax additions.  Although an 
insignificant decrease in the mechanical strength was observed, the presence of this waste 
improved the drying and firing shrinkage (Almeida and Carvalho, 1991). 
 
According to Sutcu and Akkurt (2009), recycled paper processing residues were also used as a 
raw material and organic pore-forming additive in clay bricks.  The proportions utilised ranged 
from 10% to 30% and were fired at 1100°C.  Shrinkage was lower with the additives as were the 
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densities, which were up to 33% less than the control brick (1.28 g/cm3).  The porosity and water 
absorption value increased with the inclusion of the residues with a resultant decrease in the 
compressive strength.  However, the compressive strength value still complied with the standard 
strength values.  Thermal conductivity was also improved by up to 50% (0.4 W/m-1K-1).  The 
recycled paper processing residues acted as a pore-forming additive in the brick bodies, thereby 
improving the insulation compared to the control brick without significantly affecting the 
mechanical strength.  Preliminary trials were successfully conducted on an industrial scale 
producing bricks with good thermal conductivity values.  
  
One more waste of interest to Veiseh and Yousefi (2003) was polystyrene.  The main objective of 
adding polystyrene foam to clay bricks is to reduce the dry density of the brick as well as 
improve the thermal insulation properties.  The firing temperature used was from 900°C to 
1050°C with mixes containing 0.5%, 1%, 1.5% and 2% by mass of the added polystyrene foam. 
Results from this study demonstrated that although increasing the amount of polystyrene in the 
clay brick increased the water absorption properties, at the same time, it decreased the strength 
and dry density of the manufactured brick.  Consequently, for the usage of the manufactured 
brick to be sufficient for load bearing purposes in accordance with the Iranian Standard, only 2% 
of polystyrene could be incorporated.  Better compressive strengths and lower water absorption 
were achieved using higher temperatures during the firing process.  An improvement in thermal 
performance was also obtained with 1.5% recycled polystyrene compared to ordinary bricks. 
 
Abali et al (2007), used phosphogypsume (waste used by phosphoric acid plants) and boron 
concentrator wastes to produce light-weight brick production.  Firing temperatures were 100°C, 
800°C, 900°C and 1000°C using additives of 1%, 3%, 5% and 20%.  Boron concentrator waste 
could not be used in the brick as the addition of this waste resulted in the manufactured samples 
being crushed during firing.  The phosphogypsume used, namely, original phosphogypsume and 
washed phosphogypsume, referred to as OP and WP, respectively, showed good potential in 
light-weight brick manufacturing.  The resultant advantages of incorporating the waste included a 
reduction in mass, lower water absorption value and shortening of the natural drying process. 
Since OP and WP both produced similar good quality bricks, OP is to be preferred because of the 
additional cost incurred in producing WP.  The waste also saves fuel due to the burning of the 
organic substances inside the waste during the firing process.  However, the physical properties 
are not yet proven as the experimental work only emphasised the mechanical properties.  
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2.7 SUMMARY 
 
This chapter presents inclusive knowledge of the environmental problems associated with CBs, 
which have been found to be the number one littered item in Australia over the past years.  The 
CBs accumulate due to the poor biodegradability of the cellulose acetate filter, and the toxicity 
constituent trapped within threatens human life, marine ecosystems as well as the environment if 
not disposed in an appropriate manner.  With the increasing concern arising from insufficient 
landfill sites and the growing environmental awareness about toxic incinerator emissions, there is 
a critical need for an alternative method for CB waste disposal which is environmentally 
acceptable.  As recycling waste is highly encouraged, the historical development of recycling 
waste in clay brick production has also been reviewed.  A wide range of successfully recycled 
materials and their effect on the physical and mechanical properties of bricks have been discussed 
in detail.  Most of the recycled waste demonstrated both advantages and disadvantages in the 
brick manufacturing process.  Based on the comprehensive literature review, the successful 
incorporation of different types of waste by previous researchers has greatly encouraged this 
research and provided the motivation for the study.  It is apparent that recycling CBs into fired 
clay bricks could be considered as an important step in the right direction to be one of the 
alternative disposal methods for CB waste disposal. 
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CHAPTER THREE 
 
 
PHYSICAL AND MECHANICAL PROPERTIES OF FIRED 
CLAY BRICKS INCORPORATING CIGARETTE BUTTS 
(STAGE I)   
   
 
 
 
3.1 INTRODUCTION 
 
The aim of the experimental laboratory work in this stage was to investigate the possibility of 
incorporating cigarette butts (CBs), which have been identified as one of the most littered items 
in Australia into fired clay bricks.  This chapter describes in detail the comprehensive 
experimental methods and testing carried out and discusses the physical and mechanical 
properties of the manufactured bricks.  
 
3.2 MATERIALS 
 
3.2.1 Soil 
 
The soil used was brown silty clayey sand prepared for making fired clay and provided by Boral 
Bricks Pty Ltd, Australia.  Upon delivery, the sand was first stored in plastic buckets (Figure A1, 
Appendix A) before it was oven dried for 24 hours at 105ºC.  The dried sand was immediately 
transferred to plastic bags, which were then sealed, ready for laboratory tests. The procedure 
followed was in accordance with Australian Standard AS 1289.1.1 (1999).   
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3.2.2 Soil Properties 
 
The Unified Soil Classification System (USCS) is used in Australia for soil classification. Under 
the system, soils may be classified into two major categories, (i) coarse-grained soils with less 
than 50% finer than 60 µm (by dry mass), and (ii) fine-grained soils with 50% finer than 60 µm. 
The classification tests including particle size distribution (PSD), liquid limit (LL), plastic limit 
(PL) and plasticity index (PI) were carried out according to the relevant Australian Standards. 
 
Coarse-grained soils are graded according to PSD and test procedures associated with PSD 
should comply with AS 1289.3.6.1 (1995).  Generally, particles greater than 75 µm are 
determined by dry sieve analysis.  Figure 3.1 shows the PSD results for the experimental sand 
using dry sieve analysis.  More detailed results are presented in Table A1 (Appendix A), while 
Figures A2 to A4 illustrate the various procedures performed on the samples. 
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Figure 3.1 Particle-size distribution curve of the soil used in this study  
 
In the case of fine-grained soils, tests such as consistency (Atterberg) limits - specifically plastic 
limit (PL) and liquid limit (LL) are important indicators of the soil type.  PL tests are normally 
conducted in conjunction with LL tests.  PL is defined as the limit of moisture content at the soil 
boundary between the semi-solid state and the plastic state, while LL is the limit of the moisture 
content between the plastic state and the liquid state.  Solid state is a condition reached during the 
test at which the fine-grained soils become dry.  As the moisture content increases, the soil 
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behaves like a semi-solid and then plastic before finally reaching the liquid state.  The PL and LL 
tests conducted complied with AS 1289.3.2.1(2009) and AS 1289.3.1.1 (2009), respectively. 
Results of the physical properties of the soil are presented in Table 3.1.  Some of the soil 
classification test data are given in Tables A2 and A3 and in Figures A5 to A7 (Appendix A).  It 
is noted that the term ‘clay’ is used throughout this study to refer to silty clayey sand classified 
according to USCS. 
 
Soil Physical Properties 
 
Test Results 
Particles < 75 µm (%) 29 
Liquid Limit (%) 31 
Plastic Limit (%) 21 
Plasticity index (%) 10 
Maximum Dry Density (kg/m3) 1807 
Optimum moisture content (%) 17 
Unified soil classification Silty Clayey Sand  
Table 3.1 Properties of the soil used in making fired bricks 
 
3.2.3 Chemical Composition of the Soil 
 
Chemical analyses were carried out to determine the main chemical components of the 
experimental soil.  The chemical composition of the raw clay samples was determined using an 
X-ray fluorescence analyser (XRF) (Bruker AXS S4 Pioneer) (Figures A8 and A9, Appendix A). 
The XRF has become a widely-used tool in the laboratory because of its diverse range of 
applications.  Measurements of the major elements and trace elements present in the test samples 
were performed on pressed powder pellet samples which were prepared from 10 g of the soil with 
polyvinyl alcohol (Shams et al, 2009) in triplicates.  The XRF analyser is equipped with a 
rhodium X-ray tube (with power as low as 3 kW and voltage from 40 to 60 kV).  Measurement 
conditions and settings for the various tests conducted were programmed using the Bruker-AXS 
‘SpectraPlus’ software package.  The XRF results obtained for the test samples are presented in 
Table 3.2.   
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The test results show silica (SiO2) was most abundant in the samples followed by alumina 
(Al2O3).  Appreciable amounts of hematite (Fe2O3 = 5.032) and potash (K2O = 3.446) were also 
present with traces (less than 1%) of total TiO2, MgO, MnO, CaO, Na2O and P2O5 for each of the 
oxides.  The fact that Fe2O3, K2O, MgO, CaO and Na2O were also present in the clay minerals is 
advantageous to the preparation of the fired bricks as these materials could act as fluxes, reducing 
the temperature needed for the formation of glassy material in the brick body, besides lowering 
the melting point of the clay (Liew et al, 2004).  A loss on ignition (LOI) test was also performed 
on the clay soil.  During the test it was possible that carbon dioxide gas (CO2) was released from 
the sample, making it less acidic.  As shown in Table 3.2, LOI of the clay soil was about 9.60%, 
indicating low organic content in the soil sample.  
 
Compound Formula Atomic Weight Average composition 
 
(wt.%) 
SiO2 14 58.730 
Al2O3 13 18.750 
Fe2O3 26 5.032 
K2O 19 3.446 
MgO 12 1.639 
TiO2 22 0.508 
Na2O 11 0.204 
CaO 20 0.189 
                   Loss on Ignition 9.60% 
Table 3.2 Chemical composition of soil used in making fired bricks 
 
3.2.4 Cigarette butts (CBs) 
 
The CBs (of different brands and sizes) used in this study (Figure 3.2) were provided by Buttout 
Australia Pty Ltd.  The butts had been collected from dry receptacles.  Upon delivery, the CBs 
were disinfected by heat at 105oC for 24 hours (see Figure A10 in Appendix A) and then stored 
in sealed plastic bags.   
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In accordance with the Occupational Health and Safety (OHS) requirements, all necessary 
precautions and safety steps were adhered to during the storing, handling and disposal of wastes. 
The wearing of masks and gloves in a well-ventilated laboratory (Figure A11, Appendix A) was 
additionally and strictly followed.   
 
 
Figure 3.2 Cigarette butts before the disinfection process 
 
3.2.5 Compaction Test 
 
Compaction decreases the deformation potential and increases the strength of soil materials. The 
degree of compaction is affected by the amount of water present in the soil.  Initially, after 
compaction, the density of the soil would increase as the materials tend to press against each 
other to a point where a more dense state would be reached at the optimum moisture content. 
However, at certain levels of the moisture content, the water would begin to seep into the empty 
spaces between the compacted materials, thus reducing the density of the materials.  Two 
parameters may be obtained from a standard compaction test: optimum moisture content (OMC) 
and maximum dry density (MDD).  OMC is the moisture content at which MDD is attained 
(Proctor, 1933). 
 
Proctor standard compaction tests were conducted according to Australian Standard AS 
1289.5.1.1 (2003), to determine OMC and MDD for the experimental soil (control sample) and 
the mixed soil-CBs samples.  
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Sample mixes were prepared by initial mixing in a mechanical mixer.  The mixture was left for 
24 hours before it was compacted in a steel mould (115 mm high and 105 mm in diameter) using 
a standard compactor (2.5 kg rammer dropped from 300 mm height).  Compaction was carried 
out successively in three layers for each sample and compaction was taken as complete for each 
layer after 25 hammer drops.  Compacted samples were extruded from the mould before they 
were tested for OMC and MDD.  Correlations between the soil dry density and moisture content 
were obtained as illustrated in Figures 3.3 and 3.4.  More detailed results of the tests are 
presented in Tables A4 and A5 and in Figures A12 to A17 (Appendix A).  
 
Comparison of the results of compaction between the control cylinder brick and the clay-CB 
brick is shown in Figure 3.5.  The results show that CBs incorporated in clay must have acted like 
a fibre that was able to hold the clay particles together.  This was observed in the cylinder brick 
being firmer compared to the control clay brick.  The control bricks however showed signs of 
cracking during the drying process. 
 
Attempts to determine the OMC of the CBs only failed as the butts disintegrated, becoming loose 
and scattered in small pieces upon extrusion of the compacted CBs from the mould after 
compaction (Figures 3.6 and 3.7). 
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Figure 3.3 Compaction curve of clay soil 
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Figure 3.4 Compaction curve of clay soil with 5% of CB content 
 
 
Figure 3.5 Compacted oven-dried clay and clay-CB samples 
 
Chapter 3                                       Physical and mechanical properties of fired clay bricks incorporating cigarette butts 
Aeslina Abdul Kadir – PhD Thesis                                                                                                                                49 
 
Figure 3.6 Compacted cigarette butts in steel mould 
 
 
Figure 3.7 Extruded compacted cigarette butts from the mould 
 
3.3 EXPERIMENTAL METHODS 
 
Initially, trial mixes were prepared to determine suitable percentages of CB content for the 
investigation.  The mixes were manufactured in small cylinders (Figure 3.8) for both the control 
mix and the clay-CB mix (Figures 3.9 and 3.10).  Determining different percentages of CBs to be 
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used in this study was quite crucial because this investigation was the first attempt to 
manufacture clay-CB bricks. 
 
 
Figure 3.8 Trial mixes for control mix and clay-CB mix 
 
 
Figure 3.9 Close up of mixture containing soil and water 
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Figure 3.10 Close up of mixture containing cigarette butts, soil and water 
 
Using a refined procedure established after a series of attempts investigated in the preliminary 
work, four different mixes were used for making fired brick samples (Table 3.3 and Table 3.4). 
CBs (0%, 2.5%, 5% and 10% by mass, about 0% to 30% by volume) were mixed with the 
experimental soil and fired to produce bricks.  The CB content by volume depends on the degree 
of disintegration of CBs during the mixing and compaction of samples.  These values were 
estimated using the dry density of the compacted control mix and the dry density of the 
compacted CBs mix in the compaction mould.  
 
Mixture 
identification 
Percentage of CBs 
by mass 
 
(%) 
Estimated percentage of 
CBs by volume 
(as compacted) 
(%) 
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
0 
2.5 
5.0 
10.0 
0 
7.5 
15 
30 
Table 3.3 Mixes used in this study 
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Mixture Clay 
 
 
(kg) 
Dried Cigarette 
Butts 
 
(kg) 
Total mass of 
raw materials 
 
(kg) 
Water added  
 
 
(litre) 
225 x 110 x 75 mm 
(Brick) 
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
 
300 x 100 x 50 mm  
(Beam) 
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
 
100 x 100 x 100 mm 
(Cube) 
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
 
 
3.29 
3.00 
2.73 
2.23 
 
 
 
2.66 
2.43 
2.21 
1.80 
 
 
 
1.77 
1.62 
1.47 
1.20 
 
 
0.00 
0.08 
0.14 
0.25 
 
 
 
0.00 
0.06 
0.12 
0.20 
 
 
 
0.00 
0.04 
0.08 
0.13 
 
 
3.29 
3.08 
2.88 
2.48 
 
 
 
        2.66 
2.49 
2.33 
2.00 
 
 
 
1.77 
1.66 
1.55 
1.33 
 
 
0.56 
0.59 
0.60 
0.57 
 
 
 
0.45 
0.47 
0.49 
0.46 
 
 
 
0.30 
0.32 
0.33 
0.31 
Table 3.4 Composition of mixes used in the first stage of this study 
 
The mixes were made using a Hobart mechanical mixer with a 10 litre capacity for 5 minutes 
(Figure 18, Appendix A).  In order to achieve uniform distribution of CBs, they were initially 
mixed with dry soil in the mixer and then water was added gradually to the mix.  Potable water 
was used for the OMCs in order to make high dry density brick samples.  Before compaction, the 
test mould was oil sprayed to avoid any effect of the mould inner wall on the sample.  The 
samples were compacted manually by pressing and kneading the mixes in appropriate wood 
moulds using predetermined masses corresponding to the maximum dry density (found from 
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standard compaction tests) (Figure 3.11).  The samples were made in three sizes (Figures 3.12), 
cube (100 x 100 x 100 mm), brick (225 x 110 x 75 mm) and beam (300 x 100 x 50 mm), for 
determination of the compressive strength, modulus of rupture, rate of water absorption, total 
water absorption and dry density of the manufactured bricks (AS/NZS 4456.0, 2003).  
 
 
Figure 3.11 Pressing and kneading the mixes in the moulds 
 
 
Figure 3.12 Compacted bricks, beams and cubes (clay-CB mix) 
 
The specimens were dried at 105ºC for 24 hours, removed from the moulds (Figure 3.13) and 
fired in a Barnstead/Thermolyne 30400 furnace.  The firing started at room temperature but was 
gradually increased to 1050ºC at 0.7°C/min within 25 hours and remained at 1050ºC for 3 hours 
before the temperature was decreased.  Dimensions of each sample were measured before and 
Chapter 3                                       Physical and mechanical properties of fired clay bricks incorporating cigarette butts 
Aeslina Abdul Kadir – PhD Thesis                                                                                                                                54 
after firing to determine the total linear shrinkage of the samples.  The specimens were left at 
room temperature before being tested for physical and mechanical properties and microstructure 
analysis.  The details of manufacturing procedure of the control and clay-CB bricks are shown in 
a flow diagram below (Figure 3.14). 
 
 
Figure 3.13 Clay-CB brick (10%) after drying 
 
 
 
 
 
 
 
 
 
 
Firing the samples in a furnace from room 
temperature to a peak temperature of 1050ºC at 
0.7ºC/min within 25 hours and dwell at 1050ºC for 3 
hours  
Measuring drying shrinkage  
 
Drying the samples for 24 hours in the oven at 150ºC  
 
Mixing the mixture using a mechanical mixer for 
approximately 5 minutes  
Manufacturing the bricks, beams and cubes samples 
following the established procedure 
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Figure 3.14 Flow diagram of the preparation of the control brick and the clay-CB brick 
samples 
 
The fired samples were tested for shrinkage, dry density, compressive strength, tensile strength, 
water absorption and initial rate of absorption.  All tests were carried out according to the 
Australian Standard (AS/NZS 4456.1, 2003) and the results reported are the mean of three values. 
Microstructure analyses using an Environmental Scanning Electron Microscope (ESEM) were 
also conducted on the manufactured bricks. 
 
3.3.1 Drying and Firing Shrinkage 
 
Drying shrinkage is defined as the decrease in mass of the soil as the moisture content reduces 
from liquid limit to oven dry state.  Measurement for linear shrinkage of the samples complied 
with AS 1289.3.4.1 (2008).  Longitudinal shrinkage of the samples was directly measured to the 
nearest millimetre.  The linear shrinkage was calculated in percentage to the nearest 0.5%.  Three 
clay brick samples for each clay brick mixture were tested for drying and firing shrinkage and 
their values were averaged to represent the total linear shrinkage for the mix.   
 
The percentage of linear shrinkage (LS) of each specimen was calculated as follows: 
 
 
 
where: 
LS  = linear shrinkage of the sample, (%)  
Measuring firing shrinkage  
 
Testing samples for physical and mechanical 
properties 
Microstructure analysis  
100x
L
LsLS =
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Ls    = longitudinal shrinkage of the specimen, (mm) 
L    = length of the mould, (mm) 
 
3.3.2 Dry Density  
 
The dry density of the control clay brick and clay-CB brick was measured in accordance with 
AS/NZ 4456.8 (2003).  As stipulated by the standard, samples were manufactured with 
dimensions of 225 x 110 x 75 mm.  The mean values were recorded to the nearest 0.5 mm. The 
samples were dried at 110ºC±8ºC at intervals not less than 4 hours to constant weight (weight 
change not greater than 0.1%).  Consecutive weight was taken as weight of the sample after the 
sample cooled to room temperature from oven temperature. 
 
3.3.3 Compressive Strength 
 
The preparations of clay cubes and clay-CB cubes for compressive strength testing were carried 
out in accordance with AS/NZ 4456.4 (2003).  Three cubes for each mixture were manufactured 
for this test.  The dimension of the cube was 100 x 100 x 100 mm (Figure 3.15) which complied 
with the minimal allowable dimension for the compressive strength test according to AS/NZS 
4456.1 (2003).   
 
The compressive strength test was carried out using a MTS Universal Testing Machine 
(III.CLB.14. Alfred J. Amsler & Co) with the capacity of 1000 kN (Figure A19, Appendix A). 
The testing machine was computer-controlled by the MTS Test-Star controller and software with 
the testing specifications and configuration data acquisition system.  Wood plates with sizes 
exceeding the test specimens by not less than 15 mm in length and breadth were used. To 
improve accuracy, each piece of the capping material was carefully aligned and placed on the 
sample positioned at the centre of thrust of the testing machine to ensure uniform loading over 
the total area of the cube.  For a masonry test unit, the result of the compressive strength is 
critically dependent upon the ratio of height of the specimen to its cross sectional area, termed the 
aspect ratio.  The aspect ratio for the cube sample tested was 0.7. 
 
The unconfined compressive strength of each specimen was calculated by the following equation: 
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where: 
C            = unconfined compressive strength, (MPa)  
P             = total load at which the specimen fails, (kN) 
A              = area, (mm2) 
Ka  = aspect ratio factor determined 
 
 
Figure 3.15 Cube ready for compressive strength test 
 
3.3.4 Lateral Modulus of Rupture  
 
Lateral modulus of rupture testing was carried out to determine the tensile strength of each mix. 
The test measures the extreme fibre tensile stress at the face of a masonry unit in bending. 
Preparation of the clay brick and the clay-CB brick for the test was adopted from AS/NZS 
4456.15 (2003), while the test machine used was a Tinius & Olsen Testing Machine (101025) 
(Figure A20, Appendix A).   
 
To meet the requirements of the standard procedure, test samples were manufactured with 
dimensions of 300 x 100 x 50 mm.  The machine was fitted with support bars and loading bars 
A
PKaC 1000=
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(25 mm to 40 mm in diameter) parallel to the long axis of the sample.  These bars were self-
aligned (Figure 3.16).  Test loads were applied without shock at a uniform rate not greater than 6 
kN/min until failure.  Three maximum loads for each sample were recorded and calculated.  The 
lateral modulus of rupture of the test specimens was calculated as follows:  
 
 
 
where: 
Tn   = lateral modulus of rupture, (MPa) 
M  = bending moment at failure, (Nmm) 
Z  = section modulus of test specimen, (mm3) 
 
 
Figure 3.16 Beam ready for lateral modulus of rupture test 
 
3.3.5 Water Absorption 
 
Preparation of the clay brick and the clay-CB brick samples for water absorption testing was 
carried out in accordance with AS/NZS 4456.14 (2003).  Brick samples (225 mm x 110 mm x 75 
mm) were prepared and dried at 110ºC±8ºC in the drying oven and weighed at intervals of not 
less than 4 hours to constant weight (change in the mass not greater than 0.1%). Measurement of 
the weights was taken after the sample was cooled to room temperature.  The 24-hour cold water 
Z
MTn =
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immersion test and the 5-hour boiling test procedures were followed in compliance with the 
standard mentioned above (Figure 3.17).   
 
 
Figure 3.17 24-hour cold water immersion test and 5-hour boiling test 
 
The average percentage of water absorption of the sample can be determined using the following 
equations, when cold water and boiling water respectively are tested: 
 
Wi = 100 (m2 – m1) / m1 
where: 
Wi   = percentage cold water immersion water absorption of the specimen, (%) 
m1  = mass of dried specimen, (g) 
m2  = mass of immersed surface dried specimen, (g)  
 
Wb= 100 (m3 – m1) / m1 
where: 
Wb  = percentage boiling water absorption of the specimen, (%) 
m1  = mass of dried specimen, (g) 
m3  = mass of boiled surface dried specimen, (g) 
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3.3.6 Initial Rate of Absorption  
 
Analysis of the Initial Rate of Absorption (IRA) was carried out according to AS/NZ 4456.17 
(2003) for the clay brick and the clay-CB brick.  IRA is important for laying and durability of the 
brick.  Three samples (each 225 mm x 110 mm x 75 mm) were dried to constant mass in a 
ventilated drying oven at 110ºC±8ºC and weighed after cooling to room temperature.  The 
weights were determined to the accuracy of 0.001 g.  A water bath tank was prepared that 
contained two bars made from corrosion-resistant materials.  Two bars (each not more than 6 mm 
wide) were placed in the tank to support the bed face of the test samples, which were placed in 
parallel with each other and 3 mm beneath the water surface.  The water level in the tank was 
maintained at 3±1 mm above the bars.  The sample was placed on the bars for a period of 60±1 s, 
measured from the time the specimens were in contact with the water (Figure 3.18).  Upon 
removal from the water tank, the sample was wiped dry immediately and then reweighed within a 
minute. 
 
 
Figure 3.18 Initial Rate of Absorption 
 
For solid or cored test units, the IRA of the specimens was computed using the following 
equation: 
 
 
 
( )
Agross
mmIRAgross 121000 −=
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where: 
IRA  = initial rate of absorption, (kg/m2/min) 
m1  = mass of specimen oven dry, (g) 
m2  = mass of specimen after 1 min absorption, (g)  
Agross  = gross area of the bed, based on work size dimensions, (mm2)  
 
3.3.7 Microstructure Analyses 
 
Electron micrograph images of the test samples were recorded using an Environmental Scanning 
Electron Microscope (ESEM) available in the laboratory.  Study of these images enabled a better 
understanding of the morphology of the microstructure, both for the control brick as well as the 
clay-CB brick.  The ESEM, shown in (Figure A21, Appendix A), comprises an electron optical 
column, a vacuum system and electronic parts. Three lenses guide the electrons in focus on a fine 
spot on the specimens.  The electronics unit is compact with the lens and high voltage supplies 
provided.  The ESEM technique does not limit the sample size other than that set by the size of 
the specimen’s chamber.  Problematic samples are examinable using ESEM, for example cotton 
tissue, cosmetics and fats that do not have to be clean, dry, vacuum compatible or electrically 
conductive, which are normally required by conventional SEM (Muscariello et al, 2005). 
Magnification can be as high as 300 000 times and the resolution can be determined depending 
on the size of the scanning spot, but normally under optimum conditions a resolution of 1 nm is 
attainable (FEI, 2004). 
 
3.4  EXPERIMENTAL RESULTS 
 
Results of the testing method including drying and firing shrinkage, dry density, compressive 
strength, flexural strength and water properties for the control samples and the clay-CB brick 
samples are presented and discussed in this section.  Note that all the results reported are the 
average of three measurements and the graphs obtained are valid within the testing conditions in 
this study only. 
 
3.4.1 Drying and Firing Shrinkage 
 
Drying shrinkage is an important indicator for assessing the suitability of the added CB from the 
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durability point of view.  Cracks that develop during drying may cause failure during the firing 
process.  The clay body is more prone to crack as the drying strains increase with the increasing 
of drying shrinkage.  Firing shrinkage is also unavoidable.  The linear shrinkage of the brick 
samples during drying and firing was found to increase as the percentage of CB content 
increased.  The total linear shrinkage values obtained, in ascending order, were 6.44%, 6.78%, 
7.23% and 7.67% for the 0%, 2.5%, 5% and 10% CB contents, respectively (Table 3.5).  Linear 
correlation between total linear shrinkage and percentages of CBs was shown in Figure 3.19 
(Equation 3.1). 
 
Incorporation of CB in the fired clay bricks increased the drying-firing shrinkage and also the 
water demand for plasticity.  The increasing trend observed might be due to the greater amount of 
water being trapped in the pores created by the presence of CBs in the fired clay bricks as the 
water evaporated during the drying and firing period.  However, the addition of even up to 10% 
of CBs did not increase the shrinkage values excessively.  The inherent nature of the cellulose 
acetate fibre (fibrous and hollow) in the butts has apparently managed to stabilise the drying-
firing behavior even with increase in the water demand.  The shrinkage values obtained for the 
control and clay-CB bricks met the desirable shrinkage limits which are 2% to 8% and 2.5% to 
10% for drying and firing respectively (BIA, 2004). 
 
LSt = 0.12CBs + 6.5                                      (3.1) 
 
Mixture 
identification 
Linear drying 
shrinkage 
 
(%) 
Linear firing 
shrinkage 
 
(%) 
Total linear shrinkage 
 
 
(%) 
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
1.62 
1.76 
2.13 
2.29 
4.82 
5.02 
5.10 
5.38 
6.44 
6.78 
7.23 
7.67 
Table 3.5 Total linear shrinkage results for the control mix and other trial mixes 
containing CBs  
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Figure 3.19 Effect of CB content on total linear shrinkage of fired bricks 
 
3.4.2 Dry Density  
 
Table 3.6 shows the effect of CB addition on the dry density of fired clay bricks after firing. The 
dry density of the manufactured bricks decreased from 2118 kg/m3 for the control samples (0% 
CBs) to 1482 kg/m3 for bricks with 10% CB content.  According to AS 3700 (2001), the dry 
density of the standard clay brick is between 1800 to 2000 kg/m3.  The dry density of bricks 
decreased by 8.3%, 23.9% and 30% when 2.5%, 5% and 10% CBs was incorporated (Figure 
3.20). The results obtained from the tests were approximated into a linear regression line 
(Equation 3.2). 
 
Dd = -65.14CBs + 2073                         (3.2) 
 
The incorporation of CBs affected the bulk dry density of the clay body.  The bricks became 
more porous as CB content increased (Figure 3.21).  The formation of the pores could be 
attributed to the presence of volatile organic content in the added CB that burnt off during the 
firing process.  However, the reduction in dry density was a useful result which exhibited the 
potential use of the fired clay bricks as light-weight building materials. 
 
Low-density or light-weight bricks have great advantages in construction including, for example, 
lower structural dead load, easier handling, lower transport costs, lower thermal conductivity and 
a higher number of bricks produced per tonne of raw materials.  Light bricks can be substituted 
LSt = 0.12CBs + 6.5 
R2 = 0.98 
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for standard bricks in most applications, except when bricks of higher strength are needed or 
when a particular look or finish is desirable for architectural reasons.  The light-weight bricks 
produced by incorporating 2.5% to 10% CBs by mass, equivalent to approximately 10% to 30% 
by volume could be used in different applications according to the required strength. 
 
Mixture 
identification 
Dry density 
 
 (kg/m3) 
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
2118 
1941 
1611 
1482 
Table 3.6 Dry density results for the control mix and other trial mixes containing CBs 
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Figure 3.20 Effect of CB content on dry density of fired bricks 
 
Dd = -65.14CBs + 2073 
R2 = 0.90 
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(a) 
 
 
 
 
 
 
 
 
 
(b) 
Figure 3.21 (a) Cross sections and (b) surface texture of bricks for mixes with 0%, 2.5%, 
5% and 10% CBs 
 
3.4.3 Compressive Strength 
 
Results of the compressive strength tests, shown in Table 3.7, indicate that the strength is greatly 
dependent on the amount of CB addition in the fired clay brick.  Figure 3.22 shows the 
compression-tested side view of a cube with 5% CB content (by mass).  The compressive 
strength of the bricks tested in this stage was reduced markedly from 25.65 MPa (for 0% CBs) to 
12.57, 5.22 and 3.00 MPa for 2.5, 5.0 and 10% CB content respectively (Figure 3.23).  As can be 
seen from the graph, the relationship is represented by the polynomial regression line obtained 
(Equation 3.3). 
 
C = -0.01CBs3 + 0.55CBs2 – 6.54CBs + 25.65                       (3.3) 
  0 %  5.0 %  10.0 % 
 2.5% 
  0 %  5.0 %  10.0 % 
 2.5% 
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The reduction pattern for the strength properties was attributed to the loss of organic content from 
the incorporated CB in the bricks that were subjected to firing in the furnace.  The burnt CB 
generated bigger pores, producing more porous bricks with lower strength as the percentage of 
CB content increased in the mixes.  Compressive strength is important for the determination of 
the load bearing capability of the brick.  Nevertheless, different strengths of brick have different 
applications.  Common minimum values recommended for characteristic compressive strength 
for non-load-bearing and load-bearing fired clay bricks are 3 to 5 MPa and 5 to 10 MPa 
respectively (AS/NZS 4455.1, 2008; Electronic Blueprint, 2009; Arnold et al, 2004).  
Furthermore, higher mixing speed and longer duration of mixing can lead to finer mixtures with 
higher compressive strength results; this will be discussed in the next chapter.  
 
Mixture 
identification 
Compressive strength 
 
 (MPa) 
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
25.65  
12.57  
5.22  
2.99 
Table 3.7 Compressive strength results for the control mix and other trial mixes 
containing CBs 
 
 
Figure 3.22 Cube failures after compressive strength test  
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Figure 3.23 Effect of CB content on compressive strength of fired bricks 
 
3.4.4 Lateral Modulus of Rupture  
 
The incorporation of CBs also affected the tensile strength of the clay brick samples.  Table 3.8 
presents the results of the lateral modulus of rupture test.  Figures 3.24 and 3.25 show beam 
failure and cross-sections of the tested beam with 5% CB content (by mass) respectively. 
Modulus of rupture (tensile strength) values decreased from 2.79 to 1.24 MPa when 0% to 10% 
CB was incorporated into the raw materials (Figure 3.26).  As can be seen on the graph, the 
tensile strength decreased with increased CB content in the brick samples. Equation 3.4 gives the 
correlation between tensile strength and CB content.  The relationship is expressed as a linear 
regression line.  The Australian Standard (AS 3700, 2001) recommendation for flexural strength 
of bricks is 1 to 2 MPa.  Tensile strength is important in reducing crack formation in bricks, 
which is a major problem in the building industry. 
 
LMR = -0.17CBs + 3.01               (3.4) 
 
 
 
C = -0.01CBs3 + 0.55CBs2 – 6.54CBs  
       + 25.65 
                     R2 = 1.00 
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Mixture 
identification 
Modulus of 
Rupture 
 
(MPa) 
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
2.79 
2.48  
2.40  
1.24  
Table 3.8 Lateral modulus of rupture results for the control mix and other trial mixes 
containing CBs 
 
 
 
Figure 3.24 Beam failure 
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Figure 3.25 Cross-section of the beam failure 
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Figure 3.26 Effect of CB content on lateral modulus of rupture of fired bricks 
 
3.4.5 Water Absorption 
 
Percentages of water absorption of the brick sample were calculated as shown in Table 3.9. The 
water absorption–CB content relationship, shown in Figure 3.27, is expressed by Equation 3.5. 
Water absorption increased almost linearly with increase in CB content.  As mentioned earlier, 
with the addition of CBs, the water demand increases as the plastic nature of the mixture is 
lowered.  Greater amounts of the water trapped in the brick body evaporate, thus increasing the 
LMR = -0.17CBs + 3.01 
   R2 = 0.95 
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porosity of the clay brick.  When the mixture contains high amounts of CB, more internal pores 
are generated during the firing period.  This was attributed to the butts that burnt effortlessly in 
the brick samples, thus increasing the absorption rate.  The highest value of water absorption 
measured (18%) occurred for 10% CB content and it is within the range of the Australian 
Standard (AS 3700, 2001) of 5% to 20%.  The total water absorption capacity determines the 
ability and the potential performance of the brick in laying and durability.   
 
Wa = 1.31CBs + 6.00                (3.5) 
 
Mixture 
identification 
Cold water 
absorption  
 
(%) 
Boiling water 
absorption 
 
(%) 
Water absorption 
 
 
(%) 
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
4.12 
7.31 
10.98 
13.43 
4.96 
11.06 
18.17 
21.61 
5 
9 
15 
18 
Table 3.9 Water absorption results for the control mix and other trial mixes containing 
CBs 
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Figure 3.27 Effect of CB content on water absorption 
 
Wa = 1.31CBs + 6.00 
R2 = 0.92 
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3.4.6 Initial Rate of Absorption  
 
The initial rate of absorption (IRA) test results had a similar trend to the water absorption rate. 
IRA apparently increased with increase in CB content (Table 3.10).  As shown in Figure 3.28, the 
percentages of CB content and IRA are linearly related (Equation 3.6).  The range of IRA values 
was found to be between 1.3 and 5.7 kg/m2/min for bricks made with 2.5% to 10% CB content. 
This indicates that partial replacement of CBs has the desirable effect of increasing the absorption 
properties of bricks.  This is because the growth of the pores in number and size with higher 
percentages of CB content could lead to the formation of a porous structure of the clay brick 
body.  According to the Australian Standard (AS 3700, 2001), IRA should be between 0.2 to 5 
kg/m2/min.  Low water infiltration into the brick indicates good durability of the brick and 
resistance to the natural surroundings.  Unacceptably high values of IRA can lead to volume 
changes that would result in cracking of the bricks or structural damage in buildings.   
   
IRA = 0.47CBs + 0.16                (3.6) 
 
Mixture 
identification 
Initial Rate of 
Absorption  
 
(kg/m2/min) 
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
0.2 
1.4 
2.3 
4.9 
Table 3.10 Initial rate of absorption results for the control mix and other trial mixes 
containing CBs 
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Figure 3.28 Effect of CB content on initial rate of absorption of fired bricks 
 
3.4.7 Microstructure Analyses 
 
Figures 3.29 and 3.30 show the effect of incorporating CB in the fired clay bricks on the surface 
and on the cross-sectional view of the bricks tested.  As can be clearly seen, with increasing CB 
content, the formation of cracks became more visible, resulting in the pores becoming larger in 
numbers and sizes.  These changes were also proven by the electron micrographs images 
analysed at 50X and 100x magnifications using the same brick samples at various levels of CB. 
 
In Figures 3.31 (a) at 50x magnification and (e) at 100x magnification for control clay brick, few 
micro-pores were visible.  However, observation of Figures 3.31 (b) to (d) and (f) to (h) at 50x 
and 100x magnification respectively, revealed the significant changes in the growth of pore sizes 
as CB content increased from 2.5% to 10% by mass.  This corresponded to the reduction in dry 
density and strength, which resulted in increasing water absorption properties. 
 
IRA = 0.47CBs + 0.16 
R2 = 0.99 
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(a)          (b) 
   
(c)          (d) 
Figure 3.29 Surface of clay brick with different percentages of CBs added to clay bricks: (a) 0% CB content (b) 2.5% CB content 
(c) 5% CB content (d) 10% CB content  
 2.5%  0% 
 5%  10% 
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(a)         (b) 
    
(c)         (d) 
Figure 3.30 Cross-sections of bricks with different percentages of CBs added to clay bricks: (a) 0% CB content (b) 2.5% CB 
content (c) 5% CB content (d) 10% CB content  
 0%  2.5% 
 5% 10% 
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   (a)     (b)    (c)    (d) 
 
            
                          (e)     (f)    (g)    (h) 
Figure 3.31 Electron micrographs images at 50X and 100X magnification for different percentages of CBs added to clay bricks: (a) 
0% CB content (b) 2.5% CB content (c) 5% CB content (d) 10% CB content (e) 0% CB content (f) 2.5% CB content 
(g) 5% CB content (h) 10% content at 100X magnification  
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3.5  SUMMARY OF FINDINGS AND DISCUSSIONS 
 
The comprehensive experimental work described in this chapter investigated the possibility of 
incorporating CBs into fired clay bricks.  The findings determined from the tests performed 
demonstrated that CB waste can be constructively and successfully incorporated into fired clay 
bricks at the rates of 2.5%, 5.0% and 10.0% by mass, equivalent to about 7.5%, 15% and 30% by 
volume.  The recycling method developed in this study is practical as it avoids the need for 
washing and cleaning.  Moreover, the fibrous nature of CBs did not create any difficulties during 
hand compaction even with 10% CB content.  Results of the physical and mechanical properties 
were presented and their relationships with CB content were examined.  The percentage of CBs 
added is the key factor that affects the quality of the manufactured fired clay bricks.  Dry density, 
compressive strength and tensile strength of bricks were reduced with the addition of 2.5%, 5.0% 
and 10% of CBs in the clay bricks.  However, drying shrinkage and water absorption properties 
increased with the increase of CB content.  The effect on the properties corresponded to the 
growth of pores and formation of cracks caused by incorporated CBs in the clay brick, as 
observed in the ESEM electron micrograph images.  These results show that all the physical and 
mechanical properties complied with the Australian Standard (AS 3700, 2001) except for 
compressive strength. Nevertheless, despite the reductions on the strength value, the 
manufactured brick can still be used for non-load-bearing and load-bearing purposes according to 
AS/NZS 4455.1 (2008), Electronic Blueprint (2009) and Arnold et al (2004).  It is noteworthy 
that 10% CB content has a significant effect on the pore structure, causing poor surface texture 
and decreased strength properties, but this could be improved by increasing mixing times that 
will be investigated in the next chapter.  One of the most important findings in this chapter is that 
CBs can be regarded as a potential addition to the raw materials used in the manufacture of light-
weight fired bricks. 
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CHAPTER FOUR 
 
 
INVESTIGATION OF THE EFFECT OF MIXING TIME AND 
CONFIRMATION TESTS  
(STAGE II) 
          
 
 
 
4.1 INTRODUCTION 
 
The procedure of incorporating different percentages of CBs (2.5%, 5% and 10%) in the clay 
brick samples was established in Chapter 3 (Stage I).  The present chapter (Stage II) focuses on 
the effect of mixing time on the physical and mechanical properties of the brick samples and 
confirmation of the results determined in Stage I.  
 
4.2 EXPERIMENTAL METHODS 
 
The main purpose of this stage was to investigate the effect of mixing time on physical and 
mechanical properties.  Further purposes were to examine the physical and mechanical properties 
of 7.5% CB content which is between the 5% and 10% of CB content investigated in Stage I, and 
to confirm the results obtained in Stage I.   
 
Brick samples were made with 7.5% by mass (about 22.5% by volume) CB content employing 
the same mixer used in the established method to obtain representative and comparable results 
(Tables 4.1 and 4.2).  Cube (100 x 100 x 100 mm), brick (225 x 110 x 75 mm) and beam (300 x 
100 x 50 mm) samples were made and tested using similar methods to those used in Stage I.  The 
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mixing times investigated were 5, 10 and 15 minutes.  New sets of steel moulds (Figure 4.1) 
replaced the previously-used wooden moulds because the wooden moulds were easily damaged 
due to the vigour of the manual pressing and kneading methods.  
  
Mixture 
identification 
Percentage of 
CBs by mass 
 
 
(%) 
Estimated percentage 
of CBs by volume 
(as compacted) 
  
 (%) 
Mixing time 
 
 
 
(minutes) 
CB (7.5) 
CB (7.5) 
CB (7.5) 
7.5 
7.5 
7.5 
22.5 
22.5 
22.5 
 15  
 10 
               5  
Table 4.1 Mixes used with different mixing times 
 
Mixture Clay 
 
 
(kg) 
Dried Cigarette 
butts 
 
(kg) 
Total mass of 
raw materials 
 
(kg) 
Water added  
 
 
(litre) 
225 x 110 x 75 mm 
( Brick) 
CB (7.5) 
 
300 x 100 x 50 mm  
(Beam) 
CB (7.5) 
 
100 x 100 x 100 mm 
(Cube) 
CB (7.5) 
 
 
2.47 
 
 
 
1.99 
 
 
 
1.33 
 
 
0.20 
 
 
 
0.16 
 
 
 
0.11 
 
 
2.67 
 
 
 
2.16 
 
 
 
1.44 
 
 
0.61 
 
 
 
0.49 
 
 
 
0.33 
Table 4.2 Composition of mixes used in the second stage of this study 
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Figure 4.1 Sets of steel moulds used in this study 
 
The same tests were conducted as in Stage I, including drying and firing shrinkage, dry density, 
compressive strength, water absorption and initial rate of absorption. All test procedures 
complied with the Australian Standards (AS/NZS 4456.1, 2003).  Microstructure analyses of the 
fired brick samples using ESEM were also carried out. 
  
4.3 EXPERIMENTAL RESULTS  
 
Results of the tests conducted on the brick samples with 7.5% CB content with different mixing 
times are presented and discussed in this section.  Note that all the results reported herein are the 
means of three values and the graphs obtained are valid only for the testing conditions in this 
study. 
 
4.3.1 Drying and Firing Shrinkage 
 
Table 4.3 shows the effect of varying mixing times on drying and firing shrinkage of the brick 
samples.  As shown in the table, total linear shrinkage decreased from 9.01% at 5 minutes mixing 
time to 6.73% at 15 minutes mixing time.  This constitutes 25% improvement in shrinkage 
brought about by formation of a more homogenous mix at the longer mixing time (15 minutes). 
The longer mixing time reduced the coarseness of CB fibre present in the clay-CB brick.  As this 
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resulted in fewer pores, less water was trapped in the brick that eventually evaporated during 
drying and firing.  This explains why the total linear shrinkage decreased.  As shown in Figure 
4.2, percentages of total linear shrinkage and mixing time are linearly-related (Equation 4.1).  
The shrinkage values obtained for the brick samples with different mixing times met the 
acceptable shrinkage limits, which are 2% to 8% and 2.5% to 10% for drying and firing 
correspondingly (Brick Industry Association (BIA), 2004). 
 
LSt = -0.23Tmix + 9.92                                      (4.1) 
 
Mixture 
identification 
Mixing  
Time 
 
(minutes) 
Linear drying 
shrinkage 
 
(%) 
Linear firing 
shrinkage 
 
(%) 
Total linear shrinkage 
 
 
(%) 
CB (7.5) 
CB (7.5) 
CB (7.5) 
15 
10 
5 
2.21 
2.21 
2.65 
4.52 
4.98 
6.36 
6.73 
7.19 
9.01 
Table 4.3 Total linear shrinkage results for clay-CB bricks with different mixing times 
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Figure 4.2 Effect of mixing time on total linear shrinkage of 7.5% clay-CB bricks 
 
 
 
 
LSt = -0.23Tmix + 9.92 
R2 = 0.89 
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4.3.2 Dry Density  
 
Dry densities of the fired brick samples for each of the mixing times are shown in Table 4.4 
and plotted in Figure 4.3.  The dry density of the brick samples was found to increase as the 
mixing time increased.  This demonstrates that by increasing the mixing times, the 
homogeneity and distribution of the butts in the brick increased, thus resulting in denser bricks 
(Figure 4.4).  The dry density values increased by 11% from 1591 kg/m3 at 5 minutes mixing 
time to 1789 kg/m3 at 15 minutes mixing time.  Dry density and mixing time were correlated as 
described by the polynomial regression line (Equation 4.2).  According to AS 3700 (2001), the 
dry density of the standard clay brick is between 1800 to 2000 kg/m3.  Therefore, the 
manufactured bricks in this stage are still in the light-weight brick category. 
 
Dd = -2.64Tmix2 + 72.6 Tmix + 1294            (4.2) 
 
 
Mixture identification Mixing time 
 
(minutes) 
Dry density 
 
(kg/m3) 
CB (7.5)  
CB (7.5)  
CB (7.5)  
15 
10 
 5 
1789  
1756  
1591  
Table 4.4 Dry density results for clay-CB bricks with different mixing times 
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Figure 4.3 Effect of mixing time on dry density of 7.5% clay-CB bricks 
 
 
(a) 
 
(b) 
Figure 4.4 (a) Surface texture and (b) cross-sections of bricks for 7.5% CBs at 5 minutes, 
10 minutes and 15 minutes mixing time 
Dd = -2.64Tmix2 + 72.6 Tmix + 1294 
R2 = 1.00 
5 minutes 10 minutes 15 minutes 
5 minutes 10 minutes 15 minutes 
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4.3.3 Compressive Strength 
 
Results of the effect of mixing time on compressive strength are shown in Table 4.5 and Figure 
4.5.  The compressive strength varied linearly (Equation 4.3) from 2.97 MPa to 6.36 MPa when 
mixing time was increased from 5 minutes to 15 minutes, an equivalent of 53% increase in 
strength.  In other words, longer mixing time gives higher compressive strength, as the increased 
duration of mixing produces finer and more uniform and more evenly distributed shreds of butts, 
resulting in denser and stronger bricks.  A light-weight brick with 7.5% of CB content that has 
higher compressive strength is desirable as the manufactured bricks can be used in a wider range 
of applications.  According to AS/NZS 4455.1 (2008), Electronic Blueprint (2009) and Arnold et 
al (2004), common minimum values recommended for compressive strength for non-load-
bearing and load-bearing fired clay bricks are 3 to 5 MPa and 5 to 10 MPa respectively. 
 
C = 0.34Tmix + 1.14                           (4.3) 
 
 
Mixture identification Mixing time 
 
(minutes) 
Compressive strength  
 
(MPa) 
CB (7.5)  
CB (7.5)  
CB (7.5)  
15 
10 
 5 
6.36  
4.25  
2.97  
Table 4.5 Compressive strength results for clay-CB cubes with different mixing times 
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Figure 4.5 Effect of mixing time on compressive strength of 7.5% clay-CB bricks 
 
Figures 4.6 and 4.7 show the brick samples (cube size) with different mixing times (5, 10, and 15 
minutes) as they appeared before and after the compression test.  
 
 
 
C = 0.34Tmix + 1.14 
R2 = 0.98 
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(a)      (b)     (c) 
Figure 4.6 Surface textures of cubes with 7.5% CB at: (a) 5 minutes (b) 10 minutes (c) 15 minutes mixing time  
 
    
(a)      (b)     (c) 
Figure 4.7 Cube (7.5% CB) failure at: (a) 5 minutes (b) 10 minutes (c) 15 minutes mixing time
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4.3.4 Water Absorption 
 
Table 4.6 shows the results of different mixing times on water absorption of the brick samples. 
When plotted on a graph (Figure 4.8), the relationship between water absorption and mixing time 
is represented by the polynomial regression line (Equation 4.4). 
 
Wa = -0.08Tmix2 - 2.01 Tmix + 26.06              (4.4) 
 
The results show that water absorption decreases as mixing time increases.  The value drops from 
18% to 14% as mixing duration is increased from 5 minutes to 15 minutes.  The longer mixing 
time apparently increases the refinement of the pores, causing the porosity of the brick to 
decrease.  The values for water absorption obtained fall within the range (5% to 20%) of the 
Australian Standards (AS 3700, 2001). 
 
Mixture 
identification 
Mixing time 
 
 
(minutes) 
Cold water 
absorption  
 
(%) 
Boiling water 
absorption 
 
(%) 
Water absorption 
 
 
(%) 
CB (7.5)  
CB (7.5)  
CB (7.5)  
15 
10 
5 
11.04 
11.01 
14.92 
16..06 
15.80 
21.05 
14 
14 
18 
Table 4.6 Water absorption results for clay-CB bricks with different mixing times 
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Figure 4.8 Effect of mixing time on water absorption of 7.5% clay-CB bricks 
 
4.3.5 Initial Rate of Absorption  
 
Results of the effect of mixing time on the initial rate of absorption (IRA) are shown in Table 4.7. 
As expected, IRA values decreased with increasing mixing time.  The IRA values determined 
reduced by 5% from 4.1 kg/m2/min (5 minutes mixing) to 3.9 kg/m2/min (15 minutes mixing). 
The longer mixing time was attributed to the formation of finer and more evenly-distributed fibre 
pore sizes that influenced the production of the more homogenous mixture, and led to the 
decrease in the porosity of the brick and hence its water absorbancy.  The IRA values determined 
are consistent with the Australian Standard (AS 3700, 2001), which is between 0.2 to 5 
kg/m2/min. 
 
Mixture identification Mixing time 
 
 
(minutes) 
Initial Rate of 
Absorption  
 
(kg/m2/min) 
CB (7.5)  
CB (7.5)  
CB (7.5)  
 15  
 10  
5  
3.9    
3.5    
4.1  
Table 4.7 Initial rate of absorption results for clay-CB bricks with different mixing 
times 
Wa = -0.08Tmix2 - 2.01 Tmix + 26.06 
R2 = 1.00 
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4.3.6 Effect of Different Mixing Time on Microstructure Analyses 
 
Results of the effect of mixing time on the brick samples are shown in Figures 4.9 and 4.10.  As 
can be seen from Figure 4.9 (a), (b), and (c), increasing mixing time improved the surface texture 
of the bricks as they appear finer and smoother.  The cross-sectional view (Figures 4.10 (a), (b), 
and (c), shows the formation of smaller pore sizes that caused the mix to become more 
homogeneous.  This is mainly due to the increase in the degree of disintegration of the fibres and 
the more uniform distribution of smaller pieces of CB fibres produced by longer mixing times.    
 
This effect can also be clearly observed in the electron micrograph images presented in Figure 
4.11.  These micrographs were produced from an Environmental Scanning Electron Microscope 
(ESEM) with 50X and 100X magnification.  In Figure 4.11 (a) and (e), for 5 minutes mixing time, 
fibres from the CBs are visible.  Figure 4.11 (b) and (c) at 50X magnification and (f) and (g) at 
100X magnification shows that as the mixing time increases, the size of the micro-pores 
increases but the number of pores decreases, and the surface texture of the brick improves and 
becomes similar to that with no CBs (Figures 4.11 (d) and (h).    
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 (a)      (b)      (c) 
Figure 4.9 Surface textures of clay bricks with 7.5% of CB content at: (a) 5 minutes (b) 10 minutes (c) 15 minutes 
mixing time 
 
   
(a)      (b)      (c) 
Figure 4.10 Cross-sections of brick samples with 7.5% of CB content at: (a) 5 minutes (b) 10 minutes (c) 15 minutes 
mixing time 
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(a)     (b)    (c)    (d) 
    
(e)     (f)    (g)    (h) 
Figure 4.11 Electron micrographs images at 50X and 100X magnification of brick samples with 7.5% CBs at : (a) and 
(e) 5 minutes mixing time; (b) and (f) 10 minutes mixing time; (c) and (g) 15 minutes mixing time; and (d) 
and (h) 0% CB (control brick) content at 5 minutes mixing time 
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4.3.7 Confirmation tests 
 
The results obtained in this stage with 7.5% of CBs at 5 minutes mixing time confirmed the 
results obtained in Stage I with 0%, 2.5%, 5% and 10% of CBs at 5 minutes mixing time.  Table 
4.8 shows that the results of 7.5% CBs fall between the results for 5% and 10% of CBs obtained 
in Stage I.  Nevertheless, use of the newly-manufactured steel moulds in Stage II produced total 
linear shrinkage values slightly higher than the results found in Stage I.  Figures 4.12, 4.13, 4.14, 
4.15 and 4.16 present the physical and mechanical properties determined from Stages I and II and 
their relationship with the incorporation of 0%, 2.5%, 5%, 7.5% and 10% CB content.  As 
expected, similar trends were observed for most of the properties to those obtained in Stage I. 
The lateral modulus of rupture test was not conducted in this stage because similar inclination 
could be estimated from the compressive strength results. 
 
According to the results presented earlier in this stage, the effect of mixing time on 7.5% of 
CBs was to significantly improve most of the properties of the manufactured bricks.  A better 
quality brick with wider applications can be produced by appropriately increasing the mixing 
time, even with greater incorporation of CBs in the manufactured brick. For example, 
compressive strength of bricks with 7.5% of CBs at 15 minutes mixing time is 6.36 MPa 
compared to only 5.22 MPa for bricks with 5% of CBs at 5 minutes mixing time.  Therefore, 
increasing the mixing time used in the manufacture of clay-CB bricks is highly recommended. 
 
Table 4.8 Experimental results for Stage I and II with different percentages of CBs at 5 
minutes mixing time 
Mixture 
identification 
 
(%) 
Total linear 
shrinkage 
 
(%) 
Compressive 
strength 
 
(MPa) 
Water 
absorption 
 
(%) 
Initial Rate of 
Absorption  
 
(kg/m2/min) 
Average dry 
density 
 
(kg/m3) 
CB (0.0) 
CB (2.5) 
CB (5.0)  
CB (7.5) 
CB (10.0) 
6.44 
6.78 
7.23 
9.01 
7.67 
25.65 
12.57 
5.22 
2.97  
2.99  
5 
9 
15 
18 
18 
0.2   
1.4   
2.3  
4.1  
4.9  
2118     
1941    
1611   
1591 
1482  
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Figure 4.12 Effect of CB content on total linear shrinkage of fired bricks  
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Figure 4.13 Effect of CB content on dry density of fired bricks  
 
 
LSt = 0.19CBs + 6.5 
R2 = 0.55 
Dd = -64.88CBs + 2073 
R2 = 0.91 
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Figure 4.14 Effect of CB compressive strength on dry density of fired bricks  
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Figure 4.15 Effect of water absorption on dry density of fired bricks  
C = -0.02CBs3 + 0.63CBs2 – 6.77CBs  
       + 25.68 
 R2 = 0.99 
Wa = 1.40CBs + 6 
R2 = 0.91 
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Figure 4.16 Effect of CB content on initial rate of absorption of fired bricks  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
IRA = 0.48CBs + 0.16 
R2 = 0.99 
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4.4 SUMMARY OF FINDINGS AND DISCUSSIONS 
 
The results presented and discussed in this chapter show the variation in the physical and 
mechanical properties of brick samples made by incorporating 7.5% CBs with different mixing 
times of 5, 10 and 15 minutes.  From to the results obtained and the relationships examined, it is 
obvious that longer mixing times greatly improved most of the properties.  Longer mixing times 
increased dry density and compressive strength, equivalent to about 53% and 11% respectively, 
and produced a reduction of about 25% in total linear shrinkage, 4% in water absorption and 5% 
in initial rate of absorption.  All the properties tested with different mixing times complied with 
the Australian Standard (AS 3700, 2001).  Results obtained in this stage with 7.5% of CBs 
confirm the previous results determined in Stage I with 0%, 2.5%, 5% and 10% CB content. 
These results also demonstrate the significant effect of mixing time on the physico-mechanical 
properties of these types of materials.  Results in this stage indicate that by increasing mixing 
times, better quality clay-CB bricks can be produced, even with the inclusion of high percentages 
of CBs.  This is because longer mixing times increase the uniform distribution of the CBs in the 
clay soil which improves the homogeneity of the clay-CB brick mixture.  The finer CB fibres 
from longer mixing time produce smaller pores, hence decreasing the porosity in the clay body 
which subsequently leads to a denser product with higher strength.  Microstructure observations 
using ESEM confirm that the apparent size of pores is reduced drastically and the distribution of 
pores becomes more uniform with smoother surface texture as the mixing time increases from 5 
to 15 minutes.  
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CHAPTER FIVE 
 
 
THERMAL CONDUCTIVITY 
                                                                                                (STAGE III) 
 
 
 
5.1 INTRODUCTION 
 
This chapter focuses on the effect of the incorporation of CBs on the thermal conductivity of the 
manufactured fired clay bricks in this study.  Thermal conductivity is an important criterion of 
building materials, as it influences the usage of the material in engineering applications.  The 
thermal conductivity of a brick is the rate at which a brick conducts heat.  Heat losses from 
buildings are dependent on the thermal conductivity of the materials in the walls and roof (Clews, 
1969; Turgut and Yesilata, 2008).  Building bricks should minimise the heat flow from one side 
of the brick to the other (Soylemez, 1999).  The thermal conductivity of bricks and other masonry 
materials depends on the dry density and therefore porosity of the material (Junse, 1986; Wagh, 
1993; Schmidt-Reinholtz, 1990; Jungk and Kremar, 1996; Jungk et al, 1997; Munz and Fett, 
1999; Soylemez, 1999; Gupta, 2003; Dondi et al, 2004; Al-Marahleh, 2005; Suleiman, 2006; Al-
Hadhrami and Ahmad, 2008).  The objective of this stage of the research were to (i) use the 
previous experimental data to obtain a relationship that can predict thermal conductivity from dry 
density and (ii) to relate the dry density and porosity value found in this study to the relationship. 
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5.2 METHODS 
 
5.2.1 Prediction Model for Thermal Conductivity 
 
In this study, the relationship between thermal conductivity and dry density was investigated by 
examining and analysing the experimental results from several other studies (Ball, 1968; Arnold, 
1969; Glenn et al, 1998; CCANZ, 1980; Blanco et al, 2000; Dondi et al, 2004; Demirbas, 2004). 
A prediction model (Equation 5.1), was developed using 256 test results found for different types 
of brick, concrete and aggregate.  This equation, plotted in Figure 5.1, gave the highest R2 
(coefficient of determination) value of 0.89 in a regression analysis.  The developed prediction 
model was then used to calculate the thermal conductivity value using its relationship with the 
dry density value (mean values from bricks, beams and cubes) obtained for the manufactured 
bricks in this study. 
 
  T = 0.0559e(0.0014Dd)                          (5.1) 
where    T =  thermal conductivity (Wm-1K-1) 
             Dd =  dry density (kg/m3) 
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Figure 5.1 Thermal conductivity versus dry density of some different types of concrete, 
brick and other masonry materials (Table B1, Appendix B) 
 
T = 0.0559e(0.0014Dd)              
R2 = 0.89 
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5.2.2 Porosity Test 
 
As thermal conductivity is also influenced by the porosity of the manufactured brick, a porosity 
test was carried out to find the relationship between the estimated thermal conductivity properties 
using the dry density value. 
 
The apparent porosity measured in this stage is the percentage ratio of the volume of the open 
pores in a material to the bulk volume of that material.  The procedure to measure this parameter 
was as follows.  New brick samples (225 x 110 x 75 mm) for each mix were prepared for this test. 
The samples were dried at 110±5°C to constant mass.  The dry mass (mD) was recorded 
immediately to the nearest 0.1 g after the samples were cooled to ambient temperature.  The 
samples were then placed in boiling water and cooled to the room temperature for 5 hours.  The 
mass (mi) of the samples was determined to the nearest 0.1 g immediately after the specimens 
were removed from the water.  Then, the mass (ms) of the saturated samples in air was 
determined to the nearest 0.1 g after the immersion water was withdrawn and the excess water 
was removed with cloth (AS 1774.5, 2001). 
 
The apparent porosity (Pa) of samples was calculated as follows: 
 
 
 
 
where: 
mD   = mass of dried specimen, (g) 
mi  = mass of test specimen, saturated with and suspended in liquid, (g) 
ms  = mass of test specimen, saturated with liquid and suspended in air, (g) 
 
5.3 RESULTS  
 
5.3.1 Thermal Conductivity 
 
The relationship obtained from the prediction model was used to estimate the thermal 
conductivity of the experimental bricks in this study (Table 5.1, Figure 5.2).  It can be seen that 
( ) 100)( xmims
mmsPa D
−
−
=
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as the percentage of CBs increases, the dry density and therefore thermal conductivity of the 
bricks decreases.  The result obtained in this study is in agreement with Schmidt-Reinholtz 
(1990), Al-Marahleh (2005) and Al-Hadhrami and Ahmad (2008) who claim by lowering the 
mass of the materials, the thermal conductivity properties of clay brick could be improved.  For 
example, the addition of 5% and 10% CBs reduces thermal conductivity by approximately 51% 
and 58% respectively, which are very significant amount in terms of energy saving.  Lower 
thermal conductivity is desirable as it will reduce the energy required for heating and cooling 
(Al-Marahleh, 2005). 
 
Mixing times also affect thermal conductivity performance.  The results presented in Table 5.1 
show that the thermal conductivity values increased steadily as the mixing times increased.  The 
correlation between thermal conductivity and different percentages of CBs are linearly related as 
presented in Figure 5.2.  This is due to the increase in the dry density and therefore reduction of 
the porosity of the samples with longer mixing times.  The results indicate that shorter mixing 
times result in better thermal conductivity values for clay-CB bricks with the same percentage of 
CBs.   
 
Table 5.1 Calculated values of thermal conductivity of clay bricks manufactured 
with different percentages of CBs and mixing times 
Mixture Identification 
CBs content / Mixing time 
 
(%) / (minutes) 
Dry 
density  
 
(kg/m3) 
Thermal 
conductivity  
 
(Wm-1K-1) 
Reduction of thermal 
conductivity 
 
(%) 
CB (0.0)   / (5 minutes) 
CB (2.5)   / (5 minutes) 
CB (5.0)   / (5 minutes) 
CB (10.0) / (5 minutes) 
CB (7.5)   / (5 minutes) 
CB (7.5)   / (10  minutes) 
CB (7.5)   / (15 minutes) 
2118 
1941 
1611 
1482 
1591 
1756 
1789 
1.08 
0.85 
0.53 
0.45 
0.52 
0.65 
0.68 
0 
21 
51 
58 
52 
40 
37 
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Figure 5.2 Thermal conductivity, dry density and CB content relationships 
 
5.3.2 Thermal Conductivity and Porosity  
 
Table 5.2 shows the results for porosity of clay bricks with different percentages of CBs content. 
As the percentage of CBs increases, the porosity increases, while the dry density and thermal 
conductivity decrease.  The relationships of thermal conductivity and porosity with different 
percentages of CBs are shown in Figure 5.3 by the linear regression line.  The thermal value 
decreased from 1.13 Wm-1K-1 to 0.87 Wm-1K-1, 0.52 Wm-1K-1 and 0.46 Wm-1K-1 with 12%, 20%, 
22% and 27% of porosity value accordingly.  This result demonstrates that thermal conductivity 
is significantly affected by porosity. With increasing porosity, lower effective thermal 
conductivity performance is obtained.  This finding is consistent with the work of Junse (1986), 
Schmidt-Reinholtz (1990), Wagh (1993), Jungk and Kremar (1996), Jungk et al (1997), 
Soylemez (1999), Dondi et al (2004) and Al-Marahleh (2005).  The increasing number of pores 
due to the addition of CBs improves the insulation properties by increasing the number of air 
voids in the materials.  Air is a good insulator, especially when it is immobile (Soylemez, 1999). 
The porosity result obtained is also consistent with the estimated value of thermal conductivity 
calculated by the prediction model using the dry density values of the tested bricks. 
 
 T = 0.001Dd – 0.97 
R2 = 0.98 
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* Calculated thermal conductivity values using prediction model 
Table 5.2 Porosity value of clay-CB bricks with different percentages of CB contents 
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Figure 5.3 Effect of porosity on thermal conductivity of clay bricks with different 
percentages of CB contents 
 
Table 5.3 and Figure 5.4 demonstrate the effect of porosity on the thermal conductivity properties 
of brick samples at different mixing times.  An effective lower thermal conductivity was 
achieved with higher porosity due to the shorter mixing times during the clay brick manufacture.  
With 5 minutes mixing time, the thermal conductivity value is reduced to 0.53 Wm-1K-1 as the 
porosity increased to 22%, compared to 0.64 Wm-1K-1 (19%) and 0.70 Wm-1K-1 (18%) with 10 
minutes and 15 minutes mixing times respectively.  Figure 5.5 shows the overall porosity-thermal 
Mixture 
identification 
Mass of wet 
brick 
 
 (g) 
Mass of dry  
brick 
 
(g) 
Dry 
Density  
 
(kg/m3) 
Volume of 
voids 
Porosity  
 
 
(%) 
Thermal 
conductivity 
  
(Wm-1K-1)* 
CB (0.0) 
CB (2.5) 
CB (5.0) 
 CB (10.0) 
3310 
3125 
2605 
2545 
3135 
2840 
2290 
2160 
2146 
1962 
1598 
1514 
175.02 
285.03 
315.03 
385.04 
11.98 
19.69 
21.99 
26.98 
1.13 
0.87 
0.52 
0.46 
T   = -0.05P + 1.70 
R2 = 0.89 
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conductivity relationship expressed by linear regression line for all the brick samples investigated 
in this stage.  
 
* Calculated thermal conductivity values using prediction model 
Table 5.3 Porosity value of 7.5% of clay-CB bricks with different mixing times 
 
0.50
0.60
0.70
0.80
18 19 20 21 22 23
Porosity (%) 
Th
er
m
al
 
co
n
du
ct
iv
ity
 
(W
m-1
K
-
1 ) 7.5% (5 minutes)
7.5% (10 minutes)
7.5% (15 minutes)
 
 
Figure 5.4 Effect of porosity on thermal conductivity of clay bricks at different mixing 
times 
 
 
 
Mixture 
identification 
Mass of wet 
brick 
 
 (g) 
Mass of dry  
brick 
 
(g) 
Dry 
Density  
 
(kg/m3) 
Volume 
of voids 
Porosity  
 
 
(%) 
Thermal 
conductivity 
  
(Wm-1K-1)* 
  CB (7.5)    5 mins 
  CB (7.5)  10 mins 
  CB (7.5)  15 mins 
2735 
2730 
2565 
2400 
2450 
2325 
1602 
1740 
1805 
335.03 
280.03 
240.02 
22.36 
19.89 
18.64 
0.53 
0.64 
0.70 
 T = -0.05P + 1.55 
R2 = 0.99 
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Figure 5.5 Relationships between porosity and thermal conductivity of all the brick 
samples tested in this stage 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
T  = -0.05P + 1.66 
R2 = 0.84 
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5.4 SUMMARY OF FINDINGS AND DISCUSSIONS 
 
This chapter presents and discusses an estimated thermal conductivity value calculated using the 
prediction model and its relationship with dry density and porosity as determined in this study. 
 
A remarkable decrease in conductivity values estimated was achieved using the developed 
prediction model due to the lower dry density obtained in this study.  Low dry density values 
from the incorporation of the CBs resulted in a lower thermal conductivity value which is 
desirable in terms of energy saving.  The highest reduction of thermal conductivity value 
determined in this investigation was 58% with 10% of CBs, and the lowest was 21% with 2.5% 
of CBs incorporated in the clay brick.  Furthermore, mixing time was found to have a significant 
effect on the thermal conductivity values.  Five minutes mixing time is preferable to 10 and 15 
minutes as it leads to lower thermal conductivity values with the same percentage of CBs (7.5%) 
incorporated in the clay brick.    
 
The porosity value obtained from the experimental work demonstrated that pore introduction 
produced by the addition of combustible CBs improved thermal conductivity performance.  With 
10% of CB content, the thermal conductivity decreases steadily from 1.13 Wm-1K-1 to 0.46 Wm-
1K-1 with the increase in porosity from 12% to 27%.  In terms of porosity, shorter mixing time is 
also preferable as higher porosity (22.36%) leads to lower thermal conductivity values (0.53 Wm-
1K-1) compared to longer mixing times.  The results obtained support the thermal conductivity 
estimated value relationship with dry density. 
 
In conclusion, CBs could be a potential insulation material or pore-forming additives to improve 
the thermal conductivity of manufactured bricks.  In addition, mixing time can be a potential 
design criterion in the manufacture of clay-CB bricks to control the bricks’ thermal conductivity 
according to their desired application. 
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CHAPTER SIX 
 
 
 LEACHATE ANALYSES  
                                                                                               (STAGE IV) 
 
 
 
6.1 INTRODUCTION 
 
Following the promising results on the physical and mechanical properties of the manufactured 
clay-CB bricks reported in the previous chapters, this chapter concentrates on the leaching of 
heavy metals from the samples.  The objective of this stage is to determine the possible levels of 
heavy metals that can be leached from the manufactured clay-CB bricks.  As mentioned earlier in 
the literature, it is known that heavy metals such as aluminium, zinc, lead, selenium, chromium, 
nickel and cadmium can be trapped in the filters of cigarette butts (IARC, 1987; Chiba and 
Masironi, 1992; Kazi et al, 2009).  Therefore, three types of leaching tests were carried out in this 
investigation to analyse eleven heavy metals: Arsenic (As), Selenium (Se), Mercury (Hg), 
Barium (Ba), Cadmium (Cd), Chromium (Cr), Lead (Pb), Silver (Ag), Zinc (Zn), Copper (Cu) 
and Nickel (Ni).  Results of the leachate analyses are reported in this chapter. 
 
6.2 EXPERIMENTAL METHODS 
 
Two types of samples were investigated:  crushed bricks and whole solid brick samples.  Two 
different procedures were employed for the crushed samples: the Australian Bottle Leaching 
Procedure (ABLP) (AS 4439.3, 1997) and the Toxicity Characteristics Leaching Procedure 
(TCLP) (USEPA, Method 1311, 1982).  ABLP is commonly used for regulatory analysis in 
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Australia, while TCLP is commonly adopted in many studies (Dominguez and Ullmann, 1996; 
Rouf and Hossain, 2003; Lin, 2006).   
 
For the whole solid brick samples, leaching testing was carried out to investigate the long-term 
leachate characteristics of the samples. A procedure modified from the Static Leach Test 
(ANSI/ANS 16.1, 2003) and called the Static Leachate Test (SLT) was used in this study.  The 
original method is generally used to investigate the mechanism of leaching from solidified waste 
(Vandecasteele et al, 2002; Singh and Pant, 2006).   
 
Samples of leachates were prepared in triplicate and analysed for heavy metals using an Inductive 
Coupled Plasma Mass Spectrometry (ICP-MS).  However, the laboratory leaching tests 
conducted in this study could only be used to define the intrinsic leaching characteristics of the 
waste.  This is because the controlled conditions of the laboratory test simulate the leaching 
behaviour of the waste at its ideal or worst case that could occur in landfill, but this condition is 
not equivalent to actual landfill conditions (Leist et al, 2003). 
 
6.2.1 Australian Bottle Leaching Procedure (ABLP) and Toxicity Characteristic Leaching 
Procedure (TCLP) 
 
Both ABLP and TCLP use similar preparation procedures for regulatory analysis but differ in the 
limit of particle size used in the sample.  In the ABLP test, the brick sample was crushed (Figure 
C1, Appendix C) and a representative sample finer than 2.4 mm produced, while in the TCLP 
test, a crushed sample finer than 9.5 mm was prepared for the analysis.  While the ABLP places 
no restriction on the minimum particle size (AS 4439.3, 1997), the TCLP requires particle sizes 
to comply with the standard method (USEPA, Method 1311, 1982).  Both the ABLP and TCLP 
were adopted in the present study for comparative purposes. 
 
Use of leaching fluid (leachant) is important for both tests.  The category of landfill in which the 
final waste is intended for disposal dictates the type of leachant to be used.  Two leachants (acidic 
leachant and deionised water) are essential in the ABLP, whereas only one, acidic leachant, is 
essential for the TLCP test.  In order to compare the results, only one leachant was used in this 
study.  As metals were the focus of the study, an acid was required to be added to the leachant to 
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expedite the extraction of metals from the brick sample.  For this purpose, acidic leachant was 
used.   
 
Laboratory leaching fluids for both tests were prepared in screw-capped polyethylene bottles 
which were filled with crushed brick samples (20 g) and leachant (400 ml) at the ratio of 1:20. 
The bottles were agitated at 30 rpm for 18 hours in an end-over-end manner.  An extraction fluid 
(5.7 mL of glacial acetic acid per litre) was initially added to the leachant.  The leachate collected 
was then filtered using 0.7 µm glass fibre filters before being analysed using ICP-MS to 
determine the dissolved metals.  The procedures for the ABLP and TCLP methods are shown in a 
flow diagram presented in Figure 6.1, while figures are available in Figures C2 to C6 (Appendix 
C).   
 
6.2.2 Static Leachate Test (SLT) 
 
The static leachate test (SLT) used in this study was modified from the static leach test 
(ANSI/ANS 16.1, 2003).  According to Dutre and Vandecasteele (1995; 1996), the static leach 
test provides a better procedure than the semi-dynamic leach test as the latter may give imprecise 
information if no preparatory study is made of the waste-leachate equilibrium.  In the static leach 
test, no leachant renewal was administered and this was intended to ensure leachate 
concentrations were produced to the maximum possible and equilibrium was near complete 
without much interruption which might otherwise be caused by leachate renewal.  This 
arrangement is thought desirable in long-running leaching tests such as those required in the 
study.  Furthermore, this procedure is considered to be a closer simulation of field conditions, 
although no equilibrium had to be reached completely during the static phase of the test.   
 
Four whole solid brick samples, respectively containing 0% (control), 2.5%, 5% and 10% of CB 
content were prepared and fired.  The brick samples were each suspended in a closed vessel 
under quiescent conditions (Figure C7 and C8 in Appendix C) for 134 days.  The brick sample 
was positioned in the centre of the leaching fluid made up of deionised water in the proportion of 
5 parts of leachant (deionised water) to 1 part of whole brick by mass.  A lower ratio was 
employed in this investigation due to the low concentrations of the heavy metals.  Note that the 
leachant was initially mixed with glacial acetic acid at the rate of 5.7 ml per litre.  The leachant 
used in this test was consistent with the ABLP and TCLP tests for comparison purposes between 
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the crushed and the whole solid brick results.  Figure 6.2 shows the experimental set-up for 
leachate collection from the SLT.  The procedure for the SLT method is shown in the flow chart 
presented in Figure 6.3 and the experimental preparation of the brick samples is presented in 
Table 6.1. 
 
In the SLT method, leachant was not renewed by a fresh solution in order to produce the 
maximum leachate concentrations, and leachates were collected over long durations of 25, 41, 71 
and 134 days.  The progressively-spaced intervals between collections were necessary to allow 
leaching to take place smoothly as the leaching process was observed to be very slow.  During 
leaching, samples were periodically taken out of the solution in the vessel and analysed on the 
specified days using triplicate samples.  This was to determine the reproducibility of the results 
before the mean of three measurements was calculated.  After sample collection following the 
134-day test, the vessel contents were stirred vigorously, followed by sampling of the leachate 
solution that had presumably reached near equilibrium if not complete equilibrium.  Results were 
compared between the leachate solution collected after the 134-day test period and after the 
vessel contents were agitated upon removal of the sample bricks on completion of the test.  All 
the samples were first filtered using 0.7 µm glass fibre filters before the filtrates were analysed 
for dissolved heavy metals using ICP-MS.   
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Figure 6.1 Schematic procedure of crushed brick samples using ICP-MS
Dividing the brick into three sections A, B and C 
Crushing the bricks into small pieces until it passes 
through a sieve of size 9.5 mm 
 
Preparing the samples according to ABLP and TCLP 
procedure with solid to leachant ratio 1:20 in a screw 
capped polyethylene bottles  
Mixing the samples for 18 hours in an end-over-end 
manner at 30 rpm  
Filtering the samples using 0.7 µm glass fibre filter  
Analysing the heavy metals using ICP-MS (Inductive 
Coupled Plasma Mass Spectrometry)  
 
Crushing the bricks into small pieces until it 
passes through a sieve of size 2.4 mm  
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Hanging of the solid brick in a closed bucket 
 
Preparing the samples for semi dynamic leach test 
procedure with solid to leachant ratio 1:5 using 
deionised water without agitation 
Sampling the leachate using a pipette according to the 
fixed duration (25, 44, 71 and 134-day) 
Analysing the heavy metals using ICP-MS (Inductive 
Coupled Plasma Mass Spectrometry)  
 
Filtering the samples using 0.7 µm glass fiber filter  
 
 
 
 
 
 
 
 
 
Figure 6.2 Experimental set-up for leachate collection from the whole solid brick 
samples 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3 Procedure of SLT (Static Leachate Test) 
 
 
 
 
 
 
Support 
Plastic 
Clay-CB brick 
Leaching fluid 
Chapter 6                                                                                                                                                Leachate analyses 
Aeslina Abdul Kadir – PhD Thesis                                                                                                          111  
Mixture 
Identification 
Mass 
  
(kg) 
Distilled water  
 
(L) 
Glacial acetic acid  
 
(mL) 
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
3.145 
3.060 
2.295 
2.165 
15.7 
15.3 
11.5 
10.8 
89 
87 
66 
62 
Table 6.1 Composition of mix of leaching fluid for whole brick samples 
 
6.2.3 Inductive Coupled Plasma Mass Spectrometry (ICP-MS) 
 
An ICP-MS (HP 4500) (Figure C9, Appendix C) was used for the analysis of heavy metals.  This 
is a powerful analytical instrument which is highly sensitive and capable of determining 
extremely low concentrations of a wide variety of elements (Newman, 1996).  The instrument 
combines high-temperature ICP (Inductive Coupled Plasma) with a mass spectrometer (MS).  
The concept is based on coupling together an ICP to produce ions with a MS to separate and 
detect the ions (Jarvis et al, 1992).  The HP 4500 provides high throughput multi-element 
analysis.  Detection varies from element to element.  Some elements can be measured down to 
parts per quadrillion and others to parts per trillion.  The instrument requires only a very small 
sample volume for analysis, and is very robust and user-friendly.  Due to its versatility, ICP-MS 
has been widely used to measure different types of samples and the applications for this 
instrument range from the semiconductor industry to the environmental disciplines such as the 
analysis conducted in this study, and to the geological and clinical fields in which dirty samples 
can be analysed.  All elements in the periodic table are measurable on qualitative/semi-
quantitative/quantitative bases and the instrument can even compute isotopic ratios (Kishi, 1997). 
The instrumental measurements are controlled by the instrument’s dedicated software (HP 
Chemstation). 
 
Analysis of the heavy metals was conducted using leachate solutions collected from the ABLP, 
TCLP and SLT tests.  The solutions were settled, filtered, and the filtrates tested for dissolved 
heavy metals.   
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6.3 EXPERIMENTAL RESULTS 
 
6.3.1 Australian Bottle Leaching Procedure (ABLP) and Toxicity Characteristic Leaching 
Procedure (TCLP) 
 
Results of leachate analyses using ABLP and TCLP (Tables 6.2 and 6.3) were compared against 
the concentration limits for heavy metals set by the TCLP Regulatory Levels according to the 
United States Environmental Protection Agency (USEPA, 1996) and the Guidelines for Hazard 
Classification of Solid Prescribed Industrial Wastes, approved by the Environmental Protection 
Agency of Victoria (EPAV, 2005a).  Both methods yielded similar leachate concentrations of 
target metals for clay bricks with 0%, 2.5%, 5% and 10% of CB content.  However, due to the 
difference in the particle size used in the ABLP and TCLP tests, marginal differences can be 
observed in the leachate concentrations.  Most of the heavy metal concentrations from the ABLP 
tests (with smaller particle size) were slightly higher than the corresponding TCLP results 
(Figures 6.4, 6.5, 6.6 and 6.7).  Different particle sizes control the surface of contact between the 
waste and the leaching fluids, thus influencing the contact time and contact area between the 
leachant and the metals that can leach and influence the leaching concentrations (Leist et al, 
2003; Rouf and Hossain, 2003). 
 
Table 6.2 summarises the ICP-MS results for heavy metals using the ABLP (particle size < 2.4 
mm).  The As, Zn and Cu concentrations in the 10% CB brick (0.123 mg/L, 1.285 mg/L and 
1.090 mg/L respectively) were slightly higher than the control brick (0% CB) (0.007 mg/L, 0.965 
mg/L and 0.190 mg/L respectively).  The Cr and Pb concentrations were lower by 73% and 74% 
respectively with 10% of CB content compared to the control brick, while Ba and Ni 
concentrations were marginally low throughout the leaching period.  
 
Similar trends were observed for most of the heavy metals in the case of the TCLP method.  
Table 6.3 shows that As and Zn concentrations increased at 10% CB content measured up to 0% 
of CB content with 0.010 and 0.890 mg/L difference respectively.  The TCLP test also leached 
lower levels of Cu and Pb at 10% of CB content against control samples with 0.035 mg/L and 
1.909 mg/L differences respectively.  For Ba, Ni and Cr, the values obtained were low with only 
marginal differences during the leaching test.  Se, Hg, Cd and Ag were not detected in the 
samples for both tests. 
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From observation of the results (Tables 6.2 and 6.3), the increasing values of the metals could 
possibly originate from the metals trapped inside the CB waste incorporated in the manufactured 
brick.  On the other hand, the decreasing concentration levels could possibly emanate from the 
clay soil (Alloway, 1995) as the heavy metal values decreased with increased CB content.  It 
should be emphasised that the concentrations of the metals in the leachate from both tests were in 
trace amounts which do not exceed the regulatory thresholds specified by the USEPA (1996) or 
the EPAV (2005a). 
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Percentage of CBs by mass 
0% 2.5% 5% 10% 
Heavy metals Concentration level 
 
 (mg/L)* 
Concentration level  
 
(mg/L)** Concentration (mg/L) 
Arsenic (As) 5 2.8 0.007 0.019 0.093 0.123 
Selenium (Se) 1 4 - - - - 
Mercury (Hg) 0.2 0.4 - - - - 
Barium (Ba) 100 280 0.590 0.440 0.605 0.510 
Cadmium (Cd) 1 0.8 - - - - 
Chromium (Cr)  5 20 0.033 0.005 0.028 0.009 
Lead (Pb) 5 4 0.130 0.019 0.058 0.034 
Silver (Ag) 5 40 - - - - 
Zinc (Zn) 500 1200 0.965 0.180 7.750 1.285 
Copper (Cu) 100 800 0.190 0.320 0.680 1.090 
Nickel (Ni) 1.34 8 0.007 0.006 0.016 0.009 
* USEPA (1996) 
** EPAV (2005a) 
- not detected 
Table 6.2 Results for heavy metals in crushed brick samples in ABLP (<2.4 mm) procedure using ICP-MS 
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Percentage of CBs by mass 
0% 2.5% 5% 10% 
Heavy metals Concentration level  
 
(mg/L)* 
Concentration level  
 
(mg/L)** Concentration (mg/L) 
Arsenic (As) 5 2.8 0.025 0.012 0.045 0.035 
Selenium (Se) 1 4 - - - - 
Mercury (Hg) 0.2 0.4 - - - - 
Barium (Ba) 100 280 0.270 0.280 0.295 0.275 
Cadmium (Cd) 1 0.8 - - - - 
Chromium (Cr)  5 20 0.007 0.003 0.006 0.008 
Lead (Pb) 5 4 1.941 0.044 0.037 0.032 
Silver (Ag) 5 40 - - - - 
Zinc (Zn) 500 1200 0.255 0.115 0.670 1.145 
Copper (Cu) 100 800 0.190 0.295 0.210 0.155 
Nickel (Ni) 1.34 8 0.004 0.002 0.004 0.003 
* USEPA (1996) 
** EPAV (2005a) 
- not detected 
Table 6.3 Results for heavy metals in crushed brick samples in TCLP (<9.5 mm) procedure using ICP-MS 
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Figure 6.4 Comparison of heavy metal concentrations for crushed brick using ABLP 
and TCLP tests for control brick with 0% CB 
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Figure 6.5 Comparison of heavy metal concentrations for crushed brick using ABLP 
and TCLP tests for control brick with 2.5% CB 
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Figure 6.6 Comparison of heavy metal concentrations for crushed brick using ABLP 
and TCLP tests for control brick with 5% CB 
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Figure 6.7 Comparison of heavy metal concentrations for crushed brick using ABLP 
and TCLP tests for control brick with 10% CB 
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6.3.2 Static Leachate Test (SLT) 
 
The SLT was used to assess leachability at the respective sampling times of 25, 44, 71, and 134 
days.  Tables 6.4 to 6.7 and Figures 6.8 to 6.11 summarise the results of the cumulative heavy 
metal concentrations at the specified sampling periods.  The As, Ba, Zn and Cu concentrations, as 
observed, leached out gradually with time and as the CB content increased.   
 
The As and Ba concentrations were highest (0.215 mg/L and 0.525 mg/L) at the 134-day 
leaching period for the 5% of CB content whilst the Zn and Cu concentrations were highest 
(0.425 mg/L and 0.090 mg/L respectively) for the 10% of CB content.  The Pb concentration on 
the contrary was highest at 0.008 mg/L for the control brick compared to other bricks.  The Cr 
and Ni concentrations were negligible with marginal differences between them throughout the 
leaching periods up to 134 days for the control brick as well as the other bricks with CB content.   
 
The four whole bricks were each removed from the leaching vessel upon completion of the tests, 
leaving the leachate solution in the vessel.  The solution was stirred and left to settle (under 
gravity) before the supernatant was taken out of solution and filtered; then the filtrate (in 
triplicate) was analysed for heavy metals.  The final leachate samples were each measured after 
the 134-day leaching period to confirm the cumulative amount of the target metals.  This was 
done to determine the effect of any precipitates that could have formed in the leachate solution 
and also to check whether the leachate concentrations had reached equilibrium at the end of the 
leaching process.  The metals concentrations were compared before sampling and after the vessel 
contents were agitated upon removal of the brick samples.  Their difference was marginal (less 
than 0.005 mg/L) (see Tables 6.8 and 6.9 and Figures 6.12 to 6.15).  Se, Hg, Cd and Ag were 
however not detected in the samples.  Overall, the metals that leached out from the brick samples 
were very low in concentration and below the regulatory limits set by the USEPA (1996) and the 
EPAV (2005a). 
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Leaching periods (days) 
25 44 71 134 
Heavy metals Concentration level  
 
(mg/L)* 
Concentration level  
 
(mg/L)** 
Concentration (mg/L) 
Arsenic (As) 5 2.8 0.009 0.009 0.010 0.011 
Selenium (Se) 1 4 - - - - 
Mercury (Hg) 0.2 0.4 - - - - 
Barium (Ba) 100 280 0.213 0.257 0.310 0.245 
Cadmium (Cd) 1 0.8 - - - - 
Chromium (Cr)  5 20 0.004 0.005 0.005 0.005 
Lead (Pb) 5 4 0.004 0.009 0.005 0.008 
Silver (Ag) 5 40 - - - - 
Zinc (Zn) 500 1200 0.297 0.393 0.477 0.330 
Copper (Cu) 100 800 0.067 0.140 0.150 0.070 
Nickel (Ni) 1.34 8 0.002 0.003 0.005 0.005 
* USEPA (1996) 
** EPAV (2005a) 
- not detected 
Table 6.4 Results for heavy metals in solid brick samples (0% of CB) in SLT for different leaching periods using ICP-MS 
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Leaching periods (days) 
25 44 71 134 
Heavy metals Concentration level  
 
(mg/L)* 
Concentration level 
 
 (mg/L)** 
Concentration (mg/L) 
Arsenic (As) 5 2.8 0.045 0.045 0.052 0.055 
Selenium (Se) 1 4 - - - - 
Mercury (Hg) 0.2 0.4 - - - - 
Barium (Ba) 100 280 0.163 0.223 0.277 0.285 
Cadmium (Cd) 1 0.8 - - - - 
Chromium (Cr)  5 20 0.005 0.005 0.005 0.006 
Lead (Pb) 5 4 0.003 0.004 0.003 0.004 
Silver (Ag) 5 40 - - - - 
Zinc (Zn) 500 1200 0.127 0.227 0.227 0.135 
Copper (Cu) 100 800 0.065 0.070 0.079 0.074 
Nickel (Ni) 1.34 8 0.003 0.003 0.005 0.006 
* USEPA (1996) 
** EPAV (2005a) 
- not detected 
Table 6.5 Results for heavy metals in solid brick samples (2.5% of CB) in SLT for different leaching periods using ICP-MS 
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Leaching periods (days) 
25 44 71 134 
Heavy metals Concentration level  
 
(mg/L)* 
Concentration level  
 
(mg/L)** 
Concentration (mg/L) 
Arsenic (As) 5 2.8 0.190 0.190 0.200 0.215 
Selenium (Se) 1 4 - - - - 
Mercury (Hg) 0.2 0.4 - - - - 
Barium (Ba) 100 280 0.227 0.297 0.387 0.525 
Cadmium (Cd) 1 0.8 - - - - 
Chromium (Cr)  5 20 0.008 0.008 0.009 0.010 
Lead (Pb) 5 4 0.003 0.003 0.004 0.005 
Silver (Ag) 5 40 - - - - 
Zinc (Zn) 500 1200 0.150 0.240 0.223 0.225 
Copper (Cu) 100 800 0.070 0.070 0.088 0.082 
Nickel (Ni) 1.34 8 0.005 0.005 0.006 0.007 
* USEPA (1996) 
** EPAV (2005a) 
- not detected 
Table 6.6 Results for heavy metals in solid brick samples (5% of CB) in SLT for different leaching periods using ICP-MS 
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Leaching periods (days) 
25 44 71 134 
Heavy metals Concentration level 
(mg/L)* 
Concentration level 
(mg/L)** 
Concentration (mg/L) 
Arsenic (As) 5 2.8 0.163 0.163 0.170 0.190 
Selenium (Se) 1 4 - - - - 
Mercury (Hg) 0.2 0.4 - - - - 
Barium (Ba) 100 280 0.197 0.237 0.323 0.380 
Cadmium (Cd) 1 0.8 - - - - 
Chromium (Cr)  5 20 0.009 0.009 0.010 0.010 
Lead (Pb) 5 4 0.002 0.006 0.002 0.003 
Silver (Ag) 5 40 - - - - 
Zinc (Zn) 500 1200 0.383 0.440 0.427 0.425 
Copper (Cu) 100 800 0.009 0.087 0.090 0.090 
Nickel (Ni) 1.34 8 0.008 0.008 0.008 0.010 
* USEPA (1996) 
** EPAV (2005a) 
- not detected 
Table 6.7 Results for heavy metals in solid brick samples (10% of CB) in SLT for different leaching periods using ICP-MS 
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Figure 6.8 Comparison of heavy metal concentrations in control solid brick (0% CB) for 
different leaching periods using SLT  
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Figure 6.9 Comparison of heavy metal concentrations in solid brick samples (2.5% CB) 
for different leaching periods using SLT 
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Figure 6.10 Comparison of heavy metal concentrations in solid brick samples (5% CB) 
for different leaching periods using SLT 
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Figure 6.11 Comparison of heavy metal concentrations in solid brick samples (10% CB) 
for different leaching periods using SLT 
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Percentage of CB by mass 
0% 2.5% 5% 10% 
Heavy metals Concentration level  
 
(mg/L)* 
Concentration level 
 
 (mg/L)** 
Concentration (mg/L) 
Arsenic (As) 5 2.8 0.011 0.055 0.215 0.190 
Selenium (Se) 1 4 -  -  - - 
Mercury (Hg) 0.2 0.4 -  -  - - 
Barium (Ba) 100 280 0.245 0.285 0.525 0.380 
Cadmium (Cd) 1 0.8 -  -  - - 
Chromium (Cr)  5 20 0.005 0.006 0.010 0.010 
Lead (Pb) 5 4 0.008 0.004 0.005 0.03 
Silver (Ag) 5 40 -  -  - - 
Zinc (Zn) 500 1200 0.310 0.135 0.225 0.425 
Copper (Cu) 100 800 0.069 0.074 0.082 0.090 
Nickel (Ni) 1.34 8 0.005 0.006 0.007 0.010 
* USEPA (1996) 
** EPAV (2005a) 
- not detected 
Table 6.8 Results for heavy metals in solid brick samples (134 days before mixing) in SLT using ICP-MS 
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Percentage of CB by mass 
0% 2.5% 5% 10% 
Heavy metals Concentration level 
 
 (mg/L)* 
Concentration level 
 
 (mg/L)** 
Concentration (mg/L) 
Arsenic (As) 5 2.8 0.011 0.056 0.220 0.185 
Selenium (Se) 1 4 -  -  - - 
Mercury (Hg) 0.2 0.4 -  -  - - 
Barium (Ba) 100 280 0.235 0.340 0.480 0.375 
Cadmium (Cd) 1 0.8 -  -  - - 
Chromium (Cr)  5 20 0.006 0.006 0.009 0.010 
Lead (Pb) 5 4 0.006 0.004 0.005 0.003 
Silver (Ag) 5 40 -  -  - - 
Zinc (Zn) 500 1200 0.330 0.210 0.175 0.455 
Copper (Cu) 100 800 0.070 0.073 0.067 0.090 
Nickel (Ni) 1.34 8 0.005 0.005 0.009 0.010 
* USEPA (1996) 
** EPAV (2005a) 
- not detected 
Table 6.9 Results for heavy metals in solid brick samples (134 days after mixing) in SLT using ICP-MS 
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Figure 6.12 Comparison of heavy metal concentrations in solid brick samples (0% CB) 
using SLT for the 134-day leaching period 
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Figure 6.13 Comparison of heavy metal concentrations in solid brick samples (2.5% CB) 
using SLT for the 134-day leaching period 
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Figure 6.14 Comparison of heavy metal concentrations in solid brick samples (5% CB) 
using SLT for the 134-day leaching period 
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Figure 6.15 Comparison of heavy metal concentrations in solid brick samples (10% CB) 
using SLT for the 134-day leaching period 
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6.4 SUMMARY OF FINDINGS AND DISCUSSIONS 
 
Results of three different leaching tests on fired clay bricks with 0%, 2.5%, 5% and 10% CB 
content are presented and discussed.  The acidic leachant method (based on the ABLP and TLCP) 
using crushed brick yielded comparable low leachate concentrations of the target metals in the 
clay-CB bricks with different CB content (2.5%, 5% and 10%).  SLT was intentionally designed 
for long term leachability at 134-day continuous leaching.  The results show that for most of the 
heavy metals investigated, the concentrations of the heavy metals leached out increased gradually 
with leaching time but subsequently decreased slightly at the final leaching time of 134 days.  
The concentrations apparently fluctuated or remained nearly constant throughout the leaching 
time while some of the metals could not be detected at all.   
 
On the whole, due to the differences in the types of samples used, the ABLP and TCLP tests 
(using crushed samples) produced slightly higher values than the SLT (solid samples) tests for 
most cases, even though the SLT measurements were made after 134 days.  The SLT is clearly a 
less aggressive leaching test compared to ABLP and TCLP which are more destructive by virtue 
of the requirement for crushed particles to be used in the test.  The particle size specification in 
the test plays a role in facilitating the homogeneity of mixing, which could possibly result in 
precipitation of the leachate components during the vigorous end-over-end mixing method, which 
in turn could result in higher concentrations of the leached metals, even for short leaching time 
frames.  Equally, despite the differences in the test mechanisms, the purpose intended for every 
test conducted in this chapter was achieved, as evidenced by the results obtained.  All 
concentrations of metals leached out were insignificant and far from exceeding the Guidelines for 
the Hazard Classification of Solid Prescribed Industrial Wastes (EPAV, 2005a) and the TCLP 
Regulatory Levels (US EPA, 1996).   
 
The low concentrations of the heavy metals from almost all the leaching tests conducted can also 
be attributed to the high firing temperature (1050ºC) that may have converted the metals in the 
bricks to metal oxides during the firing process (Rouf and Hossain, 2003; Lin, 2006).  These 
results indicate that the minimal leaching of the target metals from the incorporation of CBs in 
fired clay bricks could effectively minimise the potential of CB contamination problems.   
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CHAPTER SEVEN 
 
 
EFFECT OF HEATING RATES ON GAS EMISSIONS AND 
BRICK PROPERTIES 
                                                                                                 (STAGE V) 
 
 
 
7.1 INTRODUCTION 
 
The effects of different heating rates on the gas emissions and physico-mechanical properties of 
the manufactured fired clay bricks were investigated in this stage.  The firing process of clay 
brick generates a range of gas emissions into the atmosphere.  Common gases emitted from the 
firing process are water vapour (H2O), oxygen (O2), carbon monoxide (CO), carbon dioxide 
(CO2), sulphur dioxide (SO2), ammonia (NH3), chlorine (Cl2) and fluorine (F).  At high 
concentrations, these volatile emissions can be major sources of environmental pollution 
(Morgan, 1993).   
 
Attempts have been made by previous researchers to investigate the volumes of gases released at 
different temperatures and their correlations with the clay properties; see for example the studies 
by Parsons et al (1997), Santos et al (2003) and Toledo et al (2004).  Dunham et al (2001) 
research area was related to shorter firing times in the manufacture of clay bricks while Dondi et 
al (1999), compared fast firing and traditional firing and their influences on the physical and 
mechanical properties of clay bricks.  Gonzalez et al (2002; 2006) emphasised the reduction of 
gas emissions, specifically of fluorine, chlorine and sulphur, by controlling the firing temperature 
and the mineral contents in the clay during the manufacturing process.  Nevertheless, the 
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previous research contains very limited discussion regarding the effect of different heating rates 
on the gas emissions and physical and mechanical properties of manufactured fired clay bricks.   
 
Therefore, the main purpose of the work in this stage was to evaluate the effect of different 
heating rates on estimated total emissions and also on the physical and mechanical properties of 
manufactured brick samples.  This investigation was also carried out in order to determine the 
advantages of using different heating rates in the firing process on the fired brick samples, in 
order to optimise the manufacturing process and reduce the environmental pollution but still 
maintain the quality of the final product.  In this stage of the study, new samples of control clay 
bricks and clay bricks incorporating CBs were manufactured. 
 
7.2 EXPERIMENTAL METHODS 
 
The preparation of fired control clay bricks and clay bricks incorporating CBs has been explained 
in detail in Stage I and II.  In this investigation, control and fired clay brick samples with 5% of 
CB content were prepared.  The brick samples were manufactured in three different sizes: cube 
(100 x 100 x 100 mm), brick (225 x 110 x 75 mm) and beam (300 x 100 x 50 mm), according to 
the minimum requirements of testing in compliance with the relevant Australian/New Zealand 
Standard (AS/NZS 4456.1, 2003).  The brick samples were dried for 24 hours in the oven at 
105ºC prior to the heating experiments.   
 
Four different heating rates were applied to determine the effects of heating rates on the gas 
emissions and properties of clay brick and clay-CB brick samples.  One of the heating rates used 
in this study was 0.7ºC/min, which is the heating rate normally used in the clay brick industry. 
Other heating rates applied were 2ºC/min, 5ºC/min and 10ºC/min.  All the brick samples were 
fired from room temperature to 1050ºC with the fixed 3 hours firing time as normally used in the 
brick manufacturing industry. 
 
7.2.1 Estimated Total Emission (ETE) 
 
In this investigation, the effects of different heating rates on Estimated Total Emission (ETE) 
were determined.  ETE is the estimated total gas emission from the fired brick samples during 
the heating period.  It is approximated by calculating the total area under the curve from the gas 
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emissions divided by the mass of brick (ppm/kg) versus heating time (hour).  This can be 
achieved by employing the trapezoidal method in unit ppm.hr/kg.  The ETEs presented in this 
study are indicative of the total gas emissions under the conditions applicable to this study.   
 
Four different heating rates were used: 0.7ºC/min, 2ºC/min, 5ºC/min and 10ºC/min.  Samples 
were fired in solid forms from room temperature to 1050ºC.  The procedure developed is shown 
in the following flow diagram (Figure 7.1) and illustrated in Figure 7.2.  The gas detector 
(Industrial Scientific iBrid Multi-Gas sensors) (Figure 7.3) used in this study was equipped with 
five gas sensors for carbon monoxide (CO), carbon dioxide (CO2), chlorine (Cl2), nitrogen oxide 
(NO) and hydrogen cyanide (HCN).  These gases are the expected main gases emitted from fired 
clay bricks.  iBrid Multi-Gas sensors are temperature-compensated using an onboard temperature 
sensor which enables accurate readings across the full temperature range of the instrument. 
Furthermore, an internal gas-permeable filter is provided to limit the amount of dust and 
contaminants that might enter the internal sensor chamber and affect sensor readings.  The 
instrument also alerts the user audibly and visually if over-range values are detected.  Over-range 
values are those values outside the normal operating ranges of the sensors.  Moreover, the iBrid 
instrument utilises optical media interfaces for infrared data transmission (IrDA) at a speed of 
115200 bytes/second and can save up to 3 months of data collected at 1 minute intervals for 5 
sensors simultaneously (MX6 iBrid Multi-Gas Monitor User Manual, 2007). 
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Figure 7.1 Flow diagram for measuring Estimated Total Emission (ETE) 
Setting the heating rate which automatically sets the 
heating time as shown in the calculation below  
Gases (CO, CO2, Cl2, NO, and HCN) emitted were measured (ppm) using the gas sensors 
Gas concentrations (ppm) were recorded at 5 minutes interval at each specified temperature 
(200ºC, 250ºC, 300ºC, 400ºC, 500ºC, 600ºC, 700ºC, 800ºC, 900ºC, 1000ºC and 1050ºC) 
Manufactured control and clay-CB brick (5% CB) ready 
to be fired using Furnace Barnstead Thermolyne Muffle, 
Furnace 30400 
Setting the maximum firing temperature at 1050ºC with 3 hours firing time (remained 
constant at 1050ºC) 
Heating rate = 0.7ºC/min 
Heating time = 
       1050ºC     = 25 hours 
    0.7ºC/min             
Heating rate = 2ºC/min 
Heating time = 
         1050ºC     = 8.75 hours 
         2ºC/min          
Heating rate = 5ºC/min 
Heating time = 
         1050ºC     = 3.5 hours 
         5ºC/min      
Heating rate = 10ºC/min 
Heating time = 
       1050ºC     = 1.75 hours 
      10ºC/min             
ETE (ppm.hr/kg) was calculated using trapezoidal method, which is area under the curve 
(ppm/kg) versus time (hour) 
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Figure 7.2 Firing procedures at 0.7ºC/min heating rate 
*Heating time is the duration for the furnace to heat up from room temperature to maximum firing temperature (1050ºC) 
              **Firing time is the duration to fire the bricks at constant temperature (1050ºC for 3 hours) 
 
 
Figure 7.3 Industrial Scientific iBrid Multi-Gas sensors 
Heating time* Firing time** 
(3 hours)  
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7.2.2 Experimental Set-up for measuring Estimated Total Emission (ETE) 
 
A gas measurement set-up was developed at this stage as shown in Figure 7.4.  Emissions from 
the brick samples were measured directly from the furnace (Furnace Barnstead Thermolyne 
Muffle, Furnace 30400) using a connector from the gas detector as illustrated in Figure 7.4.  The 
connector transfers the gas flow from the furnace to the gas detector once the gas detector pump 
is on.  A quartz tube with resistance to high temperature was inserted into the furnace through the 
ventilation opening (Figure 7.5).  The quartz tube was connected to the copper tube held by the 
magnetic tube holder.  A 20 mm copper tube with small holes was designed to release the 
trapped water vapour to prevent the gas detector from clogging and also prolong the distance to 
ensure that the desired temperature was achieved before the gases were extracted by the gas 
detector pump (Figure 7.6).  The gas detector sensors are very sensitive and only resistant to 
temperatures up to 50ºC.  The gas emissions were detected by the sensors and recorded at 
specified times by the gas detectors in ppm unit.  Gas measurements were recorded at 5 minute 
intervals at each specified temperature, specifically at 200ºC, 250ºC, 300ºC, 400ºC, 500ºC, 
600ºC, 700ºC, 800ºC, 900ºC, 1000ºC and 1050ºC.  Measurements were not conducted at the 
early temperatures (0ºC to 200ºC) to allow all the water vapour inside the brick samples to be 
released, which corresponds to the expulsion of adsorbed water and hydroxyl groups from the 
clay mineral present.  The emissions from the empty furnace with different heating rates were 
also measured and subtracted from the sample data.  The data are presented graphically in 
ppm/kg versus time (hour). 
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Figure 7.4 Experimental set-up for measuring the concentration of gas emissions  
 
 
Figure 7.5 Quartz tube inserted into the furnace through the ventilation opening  
  Ventilation opening 
     Furnace interior 
              Copper tube 
      Steel tube with holes 
(To let the water vapour out) 
Tube holder with                        
magnetic bar 
    Furnace exterior 
Connector    
Gas detector 
Quartz tube 
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Figure 7.6 Furnace (Barnstead Thermolyne Muffle Furnace 30400) used in the study  
 
The calculations for data in Table 7.1 demonstrate how to calculate the ETE of CO from fired 
clay-CB brick at 0.7ºC/min by employing the trapezoidal method.   
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Table 7.1 Case example for CO emissions for clay-CB brick at 0.7ºC/min 
Temperature 
 
(ºC) 
CO 
 
(ppm) 
 Time 
 
(hour) 
Cumulative heating time 
 
(hour) 
200 12 4.75 4.75 
250 128 1.20 5.95 
300 1500 1.18 7.13 
400 429 2.39 9.52 
500 122 2.38 11.90 
600 20 2.38 14.28 
700 12 2.39 16.67 
800 8 2.36 19.03 
900 8 2.39 21.42 
1000 8 2.38 23.80 
1050 8 1.20 25.00 
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Calculations for determining ETE were based on data given in Table 7.1 and the mass of the fired 
clay-CB brick used (2.72 kg): 
 
 
 
 
 
 
 
 
 
 
 
 
*See Table 7.3 for the ETE of CO of clay-CB brick (5% CB) at 0.7ºC/min 
 
7.2.3 Physical and Mechanical Properties 
 
In this stage similar physical and mechanical laboratory tests to those used in Stages I and II 
(dry density, compressive strength, tensile strength, water absorption and initial rate of 
absorption) in accordance with the relevant standard (AS/NZS 4456.0, 2003) were also carried 
out to determine the performance of clay bricks and clay-CB bricks fired at different heating 
rates (0.7ºC/min, 2ºC/min, 5ºC/min and 10ºC/min) in this stage.   
 
7.3 EXPERIMENTAL RESULTS 
 
Results of the different heating rates on the ETE of the five gases (CO, CO2, Cl2, HCN and NO) 
measured and the physical and mechanical properties for the control samples and the clay-CB 
brick samples are presented and discussed in this section.  Note that all the results reported are 
the mean of three values and the graphs obtained are valid only within the testing conditions in 
this study.  
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7.3.1 Estimated Total Emission (ETE) for Control Brick Samples 
 
ETEs for each of the gases emitted (CO, CO2, Cl2, HCN and NO) for the control bricks for each 
of the heating rates (0.7ºC/min, 2ºC/min, 5ºC/min and 10ºC/min) were calculated using the 
trapezoidal method as discussed in Section 7.2.1.  The results are presented in Table 7.2.  In 
general, the results show that the ETE values for the control brick samples reduced significantly 
as the heating rates increased from 0.7ºC/min to 10°C/min, except for CO which reached a higher 
value at 5ºC/min compared to 2ºC/min.  This was an exceptional case possibly due to 
measurement error.   
 
Table 7.2 ETEs calculated for control clay bricks 
 
ETE values that followed the decreasing trend were compared and it was observed that the ETE 
for CO decreased from 270.03 ppm.hr/kg to 79.29 ppm.hr/kg (71% less), while for NO, the ETE 
decreased from 72.09 ppm.hr/kg to 21.51 ppm.hr/kg (70% less) when the heating rate was 
increased from 0.7ºC/min to 10ºC/min (Table 7.2).  In the case of CO2, the ETE declined from 
162.01 ppm.hr/kg to 90.25 ppm.hr/kg at 2ºC/min compared to 10ºC/min.  The same reduction 
trend was observed with HCN and Cl2, for which the gas concentrations dropped from 18.75 
ppm.hr/kg to 4.83 ppm.hr/kg and from 12.74 ppm.hr/kg to 0.46 ppm.hr/kg for HCN and Cl2, 
respectively at 2ºC/min compared to 10ºC/min.  All comparisons are illustrated in Figures D1 to 
D5 (Appendix D).  
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120.84 
 
143.25 
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4.83 
 
 
72.09 
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The results for control bricks (Table 7.2) show that the lower ETE values obtained at fast heating 
rates (5ºC/min and 10ºC/min), could be due to the high concentration of water vapour which was 
maintained within the pore system and thus inhibited the organic content oxidation.  Morever, 
according to Santos (2003) and Toledo (2004), CO2 emissions are due to the oxidation of organic 
content, while CO evolution is due to incomplete oxidation of organic content.  This explains the 
significantly decreasing values of these gases at fast heating rates.   
 
In contrast, at slow heating rates (0.7ºC/min and 2ºC/min), accessibility to oxygen was expected 
to improve due to the low level of water vapour within the pore system.  Under this condition, 
oxidation of organic content was able to occur completely owing to the free water vapour pore 
system, thus producing higher gas emissions.  In bricks, the pore system is very important 
because it affects the gas emissions that occur during dehydration, oxidation, dehydroxylation, 
decomposition and formation of new phases and vitrification that generally improve the product’s 
mechanical strength, durability and other properties (Murad and Wagner, 1998; Parsons et al, 
1997; Santos, 2003; Toledo, 2004).  A slow heating rate is preferable to prevent the texture being 
disrupted by the evolution of water vapour (Parsons et al, 1997; Santos, 2003; Toledo, 2004). 
However, it leads to higher gas emissions.  
 
7.3.2 Estimated Total Emission (ETE) for Clay-CB Brick Samples 
 
The ETEs of CO, CO2, Cl2, HCN and NO determined from clay-CB bricks are presented in Table 
7.3.  Similar reduction patterns at different heating rates were observed for most of the gases 
determined from clay-CB brick samples during the experiment compared to control clay brick.   
 
The ETE of CO decreased from 1583.80 ppm.hr/kg to 303.66 ppm.hr/kg (a reduction of 81%) at 
0.7ºC/min compared to 10ºC/min. Meanwhile, Cl2 dropped from 5.15 ppm.hr/kg to 0.38 
ppm.hr/kg at 0.7ºC/min compared to 10ºC/min.  The same reduction patterns were observed for 
CO2, NO and HCN values at 2ºC/min compared with the values at 10ºC/min.  The ETE values 
reduced by 46% (from 3261.90 ppm.hr/kg to 1751.90 ppm.hr/kg), 76% (from 157.79 ppm.hr/kg 
to 38.31 ppm.hr/kg) and 66% (from 34.03 ppm.hr/kg to 11.52 ppm.hr/kg) correspondingly.  
These comparisons are shown in Figures D6 to D10 (Appendix D) respectively. 
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Table 7.3 ETEs calculated for clay-CB bricks 
 
For clay-CB brick samples (Table 7.3), it is worth noting that the ETE values were significantly 
higher for clay-CB brick samples compared to control clay brick samples when fired at the same 
heating rates, especially for CO and CO2 at 0.7ºC/min and 2ºC/min respectively.  However, at 
higher heating rates the emissions for clay-CB bricks dropped significantly. 
 
This is due to the additional organic content provided by the incorporation of CBs.  The existence 
of CBs at slow heating rates also helps to improve the condition of the pore system in the brick. 
This reduces the water vapour level, thus increasing accessibility to oxygen.  In this case, the 
oxidation of the organic content was almost completed, thus resulting in higher gas emissions.  
On the other hand, at higher heating rates (5ºC/min and 10ºC/min), the gas concentrations 
released were significantly low.  According to the results in Table 7.3 and also illustrated in the 
graphs (Figures D6 to D10, Appendix D), although some of the peak values of the gas emissions 
were quite high, due to the shorter time period of using high heating rates, the gas emissions were 
significantly lower over time.  
 
7.3.3 Physical and Mechanical Properties of Control Brick Samples 
 
The effects of different heating rates on the physical and mechanical properties are presented in 
Table 7.4.  Firing control clay bricks at high heating rates (5ºC/min and 10ºC/min) reduced the 
measured values gradually but not significantly for compressive strength and water absorption. 
Compressive strength values reduced from 25.65 MPa at 0.7ºC/min to 17.90 MPa at 2ºC/min, but 
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as the heating rate increased to 5ºC/min the strength slightly decreased to 16.34 MPa.  The results 
demonstrate that there were no significant changes between the later heating rates applied.  This 
shows that higher heating rates have no significant effects on compressive strength.  Furthermore, 
the results also show that higher heating rates have insignificant effects on water absorption 
properties.  The values increased from 5% at 0.7ºC/min to 7% at 2ºC/min and remained at 
5ºC/min then reduced to 5% at 10ºC/min.  For tensile strength, the values increased from 2.79 
MPa to 6.04 MPa as the heating rate increased from 0.7ºC/min to 2ºC/min.  However, this might 
due to the different mixing times conducted on the brick samples.   
  
On the other hand, higher heating rates appear to increase the initial rate of absorption values. 
Lower results were obtained at 0.7ºC/min with 0.24 kg/m2/min but then increased to 1.00 
kg/m2/min at 2ºC/min, followed by 3.57 kg/m2/min and 3.11 kg/m2/min at 5ºC/min and 10ºC/min 
respectively.  The same situation was observed for the dry density of control clay bricks as the 
measured values increased gradually with higher heating rates.  Dry density increased from 2118 
kg/m3 to 2213 kg/m3 at 0.7ºC/min and 10ºC/min accordingly.  High heating rates reduce grain 
growth thus reducing porosity and increasing density of the control brick samples.   
 
The results obtained indicate that careful selection of heating rates for the firing process can still 
produce equivalent physical and mechanical properties of clay bricks.  Furthermore, in this study 
it was found that different heating rates do not affect the properties of clay brick critically.  The 
advantages of using higher heating rates (5ºC/min and 10ºC/min) are shorter firing duration, 
greater energy efficiency and lower gas emissions. 
 
Nonetheless, slow heating rates produced a better manufactured product in terms of appearance 
(Figure 7.7).  Control bricks can survive only up to about 2ºC/min to produce a good quality 
brick.  At 5ºC/min, good results on compressive strength, dry density and water absorption 
properties were obtained.  However, only brick and cube samples survived with minor 
disintegration effects and visible cracks but beam samples disintegrated into pieces during the 
firing process.  Up to 10ºC/min, even brick samples hardly survived with most of the surface 
disintegrating during the firing process.  This is due to the sudden release of trapped gas or the 
expansion of trapped water in brick samples that have poor pore systems.  
.  
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Average values of 3 test results 
* 5 minutes mixing time 
** 15 minutes mixing time 
 
Table 7.4 Physical and mechanical properties of control brick samples fired at different heating rates 
Heating 
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Figure 7.7 Control bricks fired at 0.7ºC/min 2ºC/min, 5ºC/min and 10ºC/min heating 
rates 
 
7.3.4 Physical and Mechanical Properties of Clay-CB Brick Samples 
 
In this study, the experimental work has also shown that different heating rates have minimal 
effects on the properties of clay-CB bricks (Table 7.5).  Therefore, the heating rate should be 
increased to decrease energy consumption and environmental pollution from gas emissions.  The 
strength value decreased from 14.25 MPa at 0.7ºC/min to 10.05 MPa at 2ºC/min.  There was no 
significant difference between the compressive strength of bricks fired at 2ºC/min and 5ºC/min, 
which were 10.05 MPa and 9.40 MPa respectively.  However, the strength reduced gradually to 
5.03 MPa with 10ºC/min firing rate.  Lateral modulus of rupture values slightly decreased from 
4.61 MPa at 0.7ºC/min to 4.43 MPa and later dropped to 4.30 MPa, followed by 3.08 MPa at 
2ºC/min, 5ºC/min and 10ºC/min respectively.   
 
On the other hand, water absorption and initial rate of absorption indicate the same increasing 
trend when firing at high heating rates.  The results increased from 11% to 14% for water 
absorption, while the initial rate of absorption values increased from 1.45 kg/m2/min to 3.97 
kg/m2/min at 0.7ºC/min and 10ºC/min respectively.  These results show that the porosity of the 
clay-CB bricks increased with higher heating rates.  This effect is different compared to control 
brick due to the incorporated of CBs.  This is also established by the decreased value of dry 
2ºC/min 5ºC/min 10ºC/min   0.7ºC/min 
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density from 1901 kg/m3 to 1853 kg/m3 followed by 1736 kg/m3 and 1680 kg/m3 as higher 
heating rates were carried out at 0.7ºC/min 2ºC/min, 5ºC/min and 10ºC/min respectively.   
 
The incorporation of CBs in clay bricks to produce clay-CB bricks also enabled the manufactured 
samples to be fired at high heating rates and survive up to about 10ºC/min without facing any 
major disintegration effect or cracks, as occurred with control samples.  However, in terms of 
appearance, the manufactured brick samples with heating rates of 0.7ºC/min and 2ºC/min were 
slightly better compared to 5ºC/min and 10ºC/min in relation to the surface of the samples 
(Figure 7.8).  Figure 7.9 shows cross-sections of manufactured samples at heating rates of 
0.7ºC/min 2ºC/min, 5ºC/min and 10ºC.  At higher heating rates, black coring due to incomplete 
combustion of the organic content provided by the incorporated CBs in the clay brick was 
observed.  The black coring effect was greater as the heating rate increased, especially at 
10ºC/min.  Figure 7.10 clearly shows that at 10ºC/min, even the bottom part of the manufactured 
samples was also affected and filled with dark spots. 
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** 15 minutes mixing time 
-All the manufactured samples were good in appearance except for samples fired at 100C/min when small parts of the brick surface 
disintegrated during the firing process 
 
Table 7.5 Physical and mechanical properties of clay-CB samples fired at different heating rates 
Heating rates 
 
 
 
(ºC/min) 
Mixture 
identification 
 
 
(%) 
Compressive 
strength 
 
 
(MPa) 
Water 
absorption 
 
 
(%) 
Modulus 
of Rupture 
 
 
(MPa) 
Initial Rate of 
Absorption  
 
(IRA) 
(kg/m2/min) 
Average dry 
density 
 
 
(kg/m3) 
Comments 
 
0.7** 
 
 
2** 
 
 
 
5** 
 
 
 
10** 
 
 
 
 
 
CB (5.0) 
 
 
CB (5.0) 
 
 
 
CB (5.0) 
 
 
 
CB (5.0) 
 
14.25 
 
 
10.05  
 
 
 
9.40  
 
 
 
5.03  
 
 
 
11 
 
 
10 
 
 
 
15 
 
 
 
14 
 
 
4.61  
 
 
4.43  
 
 
 
4.30  
 
 
 
3.08  
 
 
 
1.45  
 
 
1.32  
 
 
 
3.99  
 
 
 
3.97    
 
  
1901    
 
 
1853    
 
 
 
1736  
 
 
 
1680  
 
 
 
Manufactured samples were good in 
appearance 
 
Some black coring was observed at 
the cross-sections of the manufactured 
samples 
 
A medium degree of black coring was 
observed at the cross-section of the 
manufactured samples 
 
A large degree of black coring was 
observed at the cross-section of the 
manufactured samples and black spots 
were noticed at the bottom  
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Figure 7.8 Bricks with 5% CBs fired at 0.7ºC/min, 2ºC/min, 5ºC/min and 10ºC/min 
heating rates 
 
 
Figure 7.9 Cross-sections of beams with 5% CBs fired at 0.7ºC/min, 2ºC/min, 5ºC/min 
and 10ºC/min heating rates 
 
 
Figure 7.10 Bottom views of beams with 5% CBs fired at 0.7ºC/min, 2ºC/min, 5ºC/min 
and 10ºC/min heating rates 
 
2ºC/min 5ºC/min 10ºC/min   0.7ºC/min 
2ºC/min 5ºC/min 10ºC/min 0.7ºC/min 
2ºC/min 5ºC/min 10ºC/min 0.7ºC/min 
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7.3.5 Incorporation of Steel Fibre 
 
An attempt was made to solve the major drawbacks facing control clay bricks and clay-CB bricks 
when using high heating rates, such as disintegration or cracking during the firing process.  In 
order to enable the use of high heating rates that could decrease gas emissions and also save 
energy, steel fibre 186EE (Enlarged End) or Fibresteel (Figures 7.11, 7.12 and 7.13) were 
incorporated in control and clay-CB bricks.  The idea to incorporate Fibresteel derived from its 
normal function as reinforcement in concrete.  Concrete containing these EE fibres is identified 
as Fibercrete.  In this investigation, 60 kg/m3 (about 3%) of Fibresteel was incorporated into the 
brick samples, which is neither higher nor lower than its normal range, which is from 30 kg/m3 to 
120kg/m3 depending on the particular application. 
 
 
Figure 7.11 Steel fibre 186EE (Enlarged End) 
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Figure 7.12 Close-up of clay brick mixture with steel fibre 
 
 
Figure 7.13 Close-up of clay-CB brick mixture with steel fibre 
 
The incorporation of steel fibre overcame the drawbacks of firing control bricks at high heating 
rates, especially for the control bricks.  Control bricks with steel fibre fired at 5°C/min produced 
similar physical and mechanical properties (Table 7.6), but were significantly improved in terms 
of appearance (Figure 7.14).  No disintegration effects occurred and there were no visible cracks 
in the manufactured control clay brick with additional steel fibre.  The incorporated steel fibre 
solved the major drawback faced by the control brick in enduring high heating rates during the 
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firing process.  Beams and cubes were also successfully manufactured with the incorporation of 
steel fibre and had a good appearance (Figure 7.15).  For clay-CB brick samples, the 
incorporation of steel fibre appeared to have no effect on the manufactured samples as it did not 
improve the properties (Table 7.6) or the appearance (Figures 7.16 and 7.17) of the clay-CB 
bricks.  Furthermore, the clay-CB bricks could be fired up to about 10ºC/min without undergoing 
any major disintegration effect, even without the incorporation of the steel fibre. 
** 15 minutes mixing time 
All the manufactured samples were good in appearance with additional steel fibre fired at 
5ºC/min  
SF- Steel fibre 
Table 7.6 Physical and mechanical properties of control and clay-CB bricks with 
additional steel fibre 
 
Heating rate 
 
 
 
 
(ºC/min ) 
Mixture 
identification 
 
 
 
(%) 
Compressive 
strength 
 
 
 
(MPa) 
Water 
absorption 
 
 
 
(%) 
Modulus 
of Rupture 
 
 
 
(MPa) 
Initial Rate 
of 
Absorption  
 
(IRA) 
(kg/m2/min) 
Average 
dry 
density 
 
 
(kg/m3) 
5** 
 
5** 
 
5** 
 
5** 
 
CB (0.0) 
 
CB-SF (0.0) 
 
CB (5.0) 
 
CB-SF (5.0) 
 
16.34 
 
16.51 
 
9.40 
 
6.22 
7 
 
5 
 
15 
 
12 
- 
 
7.21 
 
4.30 
 
3.79 
3.57 
 
3.32 
 
3.99 
 
3.72 
 
2134 
 
2095 
 
1736 
 
1791  
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Figure 7.14 Comparison between appearance of control brick and control brick with additional steel fibre fired at 5ºC/min 
 
             
Figure 7.15 Control cube and beam samples with additional steel fibre fired at 5ºC/min 
5ºC/min 5ºC/min 
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Figure 7.16 Comparison between appearance of clay-CB brick and clay-CB brick with additional steel fibre fired at 5ºC/min 
 
 
Figure 7.17 Clay-CB cube and beam samples with additional steel fibre fired at 5ºC/min
5ºC/min 5ºC/min 
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7.4 SUMMARY OF FINDINGS AND DISCUSSIONS 
 
The results presented in this chapter provide useful information in relation to control and clay-CB 
bricks with four different heating rates (0.7ºC/min, 2ºC/min, 5ºC/min and 10ºC/min) and their 
effects on the estimated total emissions (ETEs) and their physical and mechanical properties.   
 
Similar reduction patterns for the ETE results were observed for both types of clay brick samples. 
Most of the ETE values reduced significantly at 10ºC/min followed by 5ºC/min, 2ºC/min and 
0.7ºC/min.  Nevertheless, at 0.7ºC/min and 2ºC/min respectively, significantly higher emissions 
of CO and CO2 were observed for clay-CB bricks compared to control clay bricks due to the 
addition of CBs which provide more organic content and produce a more porous brick.  The 
improvement of the pore system enables the oxidation process to be more complete, thus 
resulting in the release of higher gas emissions.  However, significantly lower emissions can be 
achieved with higher heating rates (5ºC/min and 10ºC/min).  Furthermore, there are many types 
of filters available to reduce gas emissions.  These include primary (focusing on the raw materials 
and process) and secondary (focusing on the gases released) filters.  Others include fabric filters 
and wet scrubbers.  One particularly commonly used filter is limestone (Monfort et al, 2008). 
 
A comparison between control clay and clay-CB bricks also highlighted that different heating 
rates used during the firing process showed minimal effects on the physical and mechanical 
properties of the samples tested.  Results for control clay brick samples reduced gradually but not 
significantly for strength and water absorption between heating rates of 2ºC/min and 5ºC/min.  
For initial rate of absorption and dry density the values increased slightly as the heating rates 
increased.  Findings from the clay-CB brick samples indicated that there was no significant 
difference between compressive strength and tensile strength measurements for bricks fired at 
0.7ºC/min, 2ºC/min and 5ºC/min.  Meanwhile, slightly increased values for water absorption 
were observed when the heating rate was increased from 2ºC/min to 10ºC/min.  Dry density 
values decreased steadily with the increase of heating rates. 
 
In terms of appearance, firing at 0.7ºC/min and 2ºC/min resulted in a better end-product 
compared to 5ºC/min and 10ºC/min for both types of fired brick samples.  At 5 ºC/min, good 
results were obtained for dry density, compressive strength and water absorption properties, but 
beam samples disintegrated and the lateral modulus of rupture value was not obtained for the 
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control samples.  For clay-CB bricks, owing to the incorporation of CBs into the clay bricks, the 
clay-CB bricks were fired from about 5ºC/min to 10ºC/min without any major disadvantage, 
except for the black coring effect inside the brick due to incomplete combustion of the organic 
content.  High heating rates are very beneficial in brick manufacture in terms of energy and time 
consumption as firing bricks at 5ºC/min and 10ºC/min could reduce the heating time by up to 21 
hours and 23 hours respectively, compared to 0.7ºC/min with lower emissions and significantly 
reduced energy consumption.   
 
Attempts were also made to solve the major drawbacks of firing at high heating rates due to the 
disintegration effects by incorporating 3% of steel fibre into the control and clay-CB brick 
samples.  The addition of steel fibre worked for the control bricks as the manufactured samples 
endured firing at 5ºC/min and produced better appearance with similar properties.  Further 
research is strongly recommended, as the incorporation of small amounts of steel fibre could lead 
to the usage of higher heating rates in brick manufacturing which could significantly reduce 
emissions, time and energy use.  For clay-CB bricks, the addition of the steel fibre did not 
significantly improve the properties or the appearance of the manufactured samples.  
 
The research carried out in this stage has established that higher heating rates (5ºC/min and 
10ºC/min) could lead to significant reduction of the gas emissions and produce physical and 
mechanical properties equivalent to those produced at low heating rates (0.7ºC/min), especially 
with clay-CB brick samples.  Therefore, clay-CB bricks and high heating rates should be 
considered as an option in the brick industry in order to minimise the manufacturing cost.  The 
changes do not critically affect the properties of fired clay bricks and significantly reduce 
environmental pollution, thus offering the potential for greater energy efficiency.   
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  CHAPTER EIGHT 
 
 
ESTIMATION OF SAVINGS IN FIRING ENERGY 
                                                                                                (STAGE VI) 
 
 
 
8.1 INTRODUCTION 
 
This chapter investigates the advantages of incorporating CBs into fired clay bricks in relation to 
energy usage during the firing process.  Brick drying and firing are the two main processes in 
brick manufacturing that require a great deal of energy.  However, brick drying can be achieved 
at ambient temperature, thus energy is used primarily for firing.  The amount of energy used for 
brick manufacturing is enormous but varies according to the material, type of brick and type of 
kiln used (Cole and Rousseau, 1992; Worell et al, 1994; Zhang, 1997).   
 
According to Lawson (1996), the firing process consumes 70 to 80% of the total energy needs, 
and this figure represents the general consensus on the energy requirements.  Although no 
published statistics on energy consumption in the brick manufacturing industry are available, it 
can be estimated based on the output and energy use coefficients.  The energy consumption 
reported varies from 1.5 MJ to 11.7 MJ per million bricks (ETSU, 1993; Zhang, 1997).  Previous 
researchers are in agreement that brick production has a major impact on energy consumption 
(Oka et al, 1993; Buchanan and Honey, 1994; Zhang, 1997; Koroneos and Dompros, 2007).   
 
Currently, energy efficiency and environmental concerns have become central compared to 
quality and cost due to the awareness of the effects of brick manufacturing on the environment 
(Koroneos and Dompros, 2007).  Hence, there is a need to find alternative methods to cushion the 
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effects of brick manufacturing on the environment.  One of the novel solutions to reduce the 
energy used for brick manufacturing is to incorporate additive materials into the clay bricks. 
Alternative raw materials and other locally available resources are encouraged to be used. 
Industrial, agricultural, non-organic and organic wastes also have been used in brick 
manufacturing for the same reason.   
 
Organic waste additives have been demonstrated to be an environmentally advantageous way of 
reducing energy use during firing in brick manufacturing and the costs are much lower. 
Successful attempts have also been made by previous researchers to incorporate organic waste, 
for example coal mining and refining waste (Boldyrev, 1989), sewage sludge (Mesaros, 1989), 
sludge from paper industry waste (Zani et al, 1991), tanning industry waste (Komissarov et al, 
1994; Pavlova 1996), petroleum coke, fibrous wool waste and wool wash water treatment sludge, 
sawdust and fly ash (Dondi et al, 1997a; Dondi et al, 1997b), PVB-polymer (Krebs and Mortel, 
1999), processed tea (Demir, 2006) and sawdust, tobacco residues and grass (Demir, 2008).  
 
CB waste, which is available in very large amounts, is another alternative cost-effective material 
in clay brick manufacturing.  The cellulose acetate content in the CB is an organic content that 
could make a positive contribution during the firing process.  Therefore, the amount of energy 
that could be saved by incorporating CBs in fired clay bricks is estimated and investigated in this 
chapter. 
 
8.2 EXPERIMENTAL METHODS 
 
8.2.1 Estimation of Firing Energy - Calculation Method 
 
The specific firing energy for bricks can be calculated by knowing the energy used for firing (MJ) 
divided by the mass of the brick (kg) (Mason, 1998; 2007).  According to Whittemore (1994; 
1999), specific firing energy varies from 2 MJ/kg to 10 MJ/kg depending on the type of brick and 
kiln used.  A survey (1993-1994) conducted in ASEAN countries showed that the specific firing 
energy consumption was between 2 to 3 MJ/kg (Prasetsan, 1995). 
 
In the present investigation, the firing energy for control and clay-CB bricks was calculated by 
assuming 2 MJ/kg as the specific firing energy (an estimated minimum value).  For clay-CB 
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bricks, the calculation was done by taking into account the mass of CBs incorporated and the 
calorific value of the cellulose acetate inside the CB that can help to assist in the brick firing.  
The calorific value of the cellulose acetate is about 19 MJ/kg (ECN, 2007).  Therefore, the 
estimated firing energy saved by incorporating CBs into clay brick compared to control brick was 
calculated as follows: 
 
11 ., mqQbrickclaycontrolforusedEnergy =        (8.1) 
322 .., mCVmqQbrickCBclayforusedEnergy −=−       (8.2) 
)..(., 32121 mCVmqmqQQsavedEnergy −−=−       (8.3) 
%100)(
%100(%),
1
321
1
21
×
⋅
⋅−⋅−⋅
=
×
−
=∆
mq
mCVmqmq
Q
QQEsavedEnergy
     (8.4) 
 
where: 
q  = 2 MJ/kg energy used for brick firing    
m1  = mass of clay in control clay brick, (kg)   
m2  = mass of clay in clay-CB brick, (kg) 
m3  = mass of CBs in clay-CB brick, (kg) 
Q1  = q.m1  
     (2 MJ/kg) (mass of clay in control brick), (MJ) 
Q2  = q.m2 - CV.m3  
(2 MJ/kg) (mass of clay in clay-CB brick) - (19MJ/kg)(mass of CBs in clay-CB 
brick), (MJ) 
CV*  = 19 MJ/kg  
*Calorific value of cellulose acetate 
 
8.2.2 Estimation of Firing Energy - Measurement Method 
 
Experimental work was also carried out to estimate the energy used during the firing process.  In 
this investigation, control and clay-CB bricks were manufactured according to the 
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Australian/New Zealand Standard (AS/NZS 4456.1, 2003).  Details of the manufacture of fired 
control clay bricks, clay-CB bricks and the firing procedure have been reported in Chapter 3.   
 
For the purposes of comparison, two sets of firing processes were carried out in the furnace 
containing three control bricks and three clay-CB bricks with 5% CB content.  The same furnace 
(Barnstead/Thermolyne 30400) that was used throughout the experimental work in this study 
with 5.5 kW maximum power was also used to fire the bricks in this investigation.  The furnace 
has a feature that enables it to display the Percentage of Output Power (POP) that is being used 
during the firing process.  Therefore, energy usage, in the form of POP for the two firings was 
recorded up to about 20 hours.  The POP value was converted to kW by multiplying it with the 
maximum power of the furnace used (5.5 kW).  The corresponding total energy used during 
firing was estimated by calculating the output power (kW) over 20 hours duration.  The total 
energy values were calculated by employing the trapezoidal method for the results shown in the 
tables and graph and discussed in the following section.   
 
8.3 EXPERIMENTAL RESULTS 
 
8.3.1 Estimation of Firing Energy - Calculation Method 
 
Using Equation 8.4, as discussed above, the estimated amounts of energy saved for clay-CB 
bricks with 5% of CB content were calculated and are presented in Table 8.1.  The results show 
that, if all of the energy produced by burning, for example, 5% CBs can be secured and fully 
utilised, about 58% of the energy required for firing bricks can be saved.  Therefore, it is 
estimated that by incorporating 5% of CBs into the fired clay bricks, beams and cubes, up to 58% 
of energy could be saved compared to the control bricks.  The energy saved by incorporating 
2.5% and 7.5% CBs also is estimated in Table 8.1.  This finding is in line with Jackson and Dhir 
(1997) who claimed that organic matter in the clay will assist the firing process.  For example, 
the five to six percent by mass of dispersed hydrocarbons contained in Lower Oxford Clay, 
which is its particular feature, saves two thirds of the energy required during firing. 
 
.
Chapter 8                                                                                                                                                                                         Estimation of savings in firing energy                       
Aeslina Abdul Kadir – PhD Thesis                                                                                                                                                                                                      159 
 
Samples Mixture 
Identification  
 
 
 
(%) 
Mass of 
control clay 
brick, 
m1 
 
(kg) 
Mass of 
clay-CB 
brick,  
m2 
 
(kg)
 
Mass of CBs 
in clay-CB 
brick, 
m3 
 
(kg) 
Energy used 
for control 
brick, 
Q1 
 
(MJ)
 
Energy used 
for clay-CB 
brick, 
Q2 
 
(MJ)
 
Energy 
saved, 
 
 (Q1- Q2) 
 
(MJ) 
Percentage of 
energy saved, 
% ∆E 
(Q1-Q2/Q1x100) 
 
(%) 
Brick 3.286 3.004 0.077 6.572 4.544 2.028 30.8 
Beam 2.655 2.428 0.062 5.310 3.673 1.637 30.8 
Cube 
2.5 
1.770 1.619 0.042 3.540 2.449 1.091 30.8 
Brick 3.286 2.733 0.144 6.572 2.733 3.839 58.4 
Beam 2.655 2.209 0.116 5.310 2.209 3.101 58.4 
Cube 
5.0 
1.770 1.473 0.078 3.540 1.473 2.067 58.4 
Brick 3.286 2.473 0.200 6.572 1.136 5.436 82.7 
Beam 2.655 1.998 0.162 5.310 0.918 4.392 82.7 
Cube 
7.5 
1.770 1.332 0.108 3.540 0.612 2.928 82.7 
 
Table 8.1 Estimated values of energy produced by incorporating 2.5%, 5% and 7.5% of CBs in firing clay bricks 
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8.3.2 Estimation of Firing Energy - Measurement Method 
 
Tables 8.2 and 8.3 present the data recorded from the experimental work conducted.  Figure 8.1 
shows the output power measurements for two different cases, which are three samples of control 
bricks and three samples of clay-CB bricks with 5% of CB content.  As can be seen in the graph 
(Figure 8.1), the area under each curves corresponds to the amount of energy used during firing 
and was calculated using the trapezoidal method within 20 hours duration.  It should be noted 
that POP values for the control samples and clay-CB brick samples were almost the same after 20 
hours.  The amount of energy calculated in kWh was later converted to MJ and both figures are 
presented in Table 8.4.   
 
 
 
 
 
 
 
 
 
 
 
 
Table 8.2 Data of output power recorded for control clay bricks 
 
Output power 
 
(%) 
Output power 
 
(kW) 
Time 
 
(hour) 
12 0.660 1 
13 0.715 3 
15 0.825 4 
15 0.825 5 
17 0.935 7 
17 0.935 8 
18 0.990 20 
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Table 8.3 Data of output power recorded for clay-CB bricks 
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Figure 8.1 Comparison of measured output power of control and clay-CB brick samples 
versus time  
 
 
 
 
Output power 
 
(%) 
Output power 
 
(kW) 
Time 
 
(hour) 
5 0.275 1 
9 0.495 3 
12 0.660 4 
11 0.605 5 
13 0.715 7 
15 0.825 8 
17 0.935 20 
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Mixture  
Identification 
 
(%) 
Energy  
used  
 
(kwh) 
Energy  
used  
 
(MJ)* 
Percentage of 
energy saved, 
 ∆E 
(%) 
 
CB (0.0) 
CB (5.0) 
 
17.215 kwh 
14.630 kwh 
 
61.974 MJ 
52.668 MJ 
 
- 
15% 
* 1 kwh = 3.6 MJ 
Table 8.4 Estimated value of energy used by the furnace during the firing process for 
the brick samples  
 
As expected, the amount of energy used by the furnace was higher to fire the control clay bricks 
compared to clay-CB bricks.  However, the estimated energy saved by incorporating CBs into 
clay bricks using the measured POP values was much lower than the estimated value using the 
calculation method (15% only compared to 58% for 5% CB content).  The 15% result from the 
laboratory measurement is in agreement with previous laboratory experimental results obtained 
from the literature review.  For example, the incorporation of sawdust into fired clay bricks with 
calorific values varying from 7 to 19 MJ/kg saved up to 15% of the energy used.  Incorporation 
of sludge from paper industry waste water treatment processes with calorific value around 8.4 
MJ/kg also saved up to 18% of the energy used during firing.  However, the energy saved 
depends on the percentage of waste incorporated in the manufactured bricks (Dondi et al, 1997a).  
The results show that a significant amount of energy produced by CBs during the firing of bricks 
inside the furnace might be released by large volumes of hot emissions mainly through the 
furnace vents.  However, most of this energy may be controlled and utilised in a modern brick 
manufacturing factory. 
 
The energy savings obtained in this study demonstrate that the addition of CBs to the clay for the 
manufacture of clay bricks assists firing due to its cellulose acetate content, positively contributes 
to the heat input of the furnace during brick firing and reduces the amount of energy required. 
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8.4 SUMMARY OF FINDINGS AND DISCUSSIONS 
 
This chapter reports the estimated firing energy saved by the incorporation of CBs in fired clay 
bricks.  The energy saved obtained using an approximate calorific value of CBs in a calculation 
method is about 58% for bricks incorporating 5% CBs compared to control bricks.  On the other 
hand, the result determined from direct measurement during the firing process for the same 
samples with 5% CB content was only 15%.  This might due to the uncontrollable escape of hot 
emissions through the furnace vents during the firing process.  Nonetheless, it was not an 
objective of this investigation to determine other factors that may affect the energy savings 
identified due to inevitable limitations.  Nevertheless, one of the clear benefits demonstrated in 
this investigation is the potential of CBs to save a significant amount of firing energy.   
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CHAPTER 9 
 
 
 CONCLUSIONS AND RECOMMENDATIONS FOR 
FURTHER RESEARCH 
 
 
 
9.1 CONCLUSIONS 
 
The main objective of this study was to investigate the possibility of recycling CBs into fired clay 
bricks.  The results of the investigation are very encouraging.  The fired clay bricks produced by 
incorporating 0% to 10% CBs by mass, equivalent to approximately 0% to 30% by volume can 
be used in different applications according to the required strength.  The major findings presented 
throughout this study are summarised as follows:  
 
• The dry density of manufactured fired clay bricks decreased when CBs were incorporated into 
the raw materials.  This is because the bricks became more porous as CB content increased. 
Electron micrograph images showed significant changes in the growth of pores sizes as CB 
addition increased from 2.5% to 10% by mass.  Low-density or light-weight bricks have great 
advantages in construction including lower structural dead load, easier handling, lower 
transport costs, lower thermal conductivity and a higher number of bricks produced per tonne 
of raw materials.  Light bricks can be substituted for standard bricks in different applications 
according to the required strength.  CBs can also be regarded as a potential addition to the raw 
materials used in the manufacture of light-weight fired bricks.  Therefore, manufactured clay-
CB bricks are appropriate for these applications.   
• The average linear shrinkages of brick samples during drying time varied from 1.8% to 2.3% 
for CBs content ranging from 2.5% to 10% compared with 1.6% for the control bricks.  The 
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corresponding values of firing shrinkage were varied from 5.0% to 5.4% for CBs content (2.5% 
to 10%) compared with 4.8% (control bricks).  It can be seen that the addition of CBs to the soil 
used in this study has not increased the shrinkage values greatly.  The shrinkage values 
increased slightly with the increase of CBs added partly because of the effect of the cellulose 
fibres but mostly due to the high water content.   
• The compressive strength of the bricks tested in this study was reduced markedly from 26 MPa 
(for 0% CBs) to 13, 5, 3 and 3 MPa for 2.5%, 5.0%, 7.5% and 10% of CB content respectively. 
Common minimum values recommended for characteristic compressive strength for non-load-
bearing and load-bearing fired clay bricks are 3 to 5 MPa and 5 to 10 MPa respectively 
(AS/NZS 4455.1, 2008; Electronic Blueprint, 2009; Arnold et al, 2004).  Compressive strength 
is important for the determination of the load bearing capability of the brick and different 
strengths of brick have different applications.   
• From to the results obtained and the relationships examined, it is obvious that longer mixing 
times greatly improved most of the properties.  Fired clay bricks were made by incorporating 
7.5% CBs, with 5, 10 and 15 minutes mixing time in this investigation.  The compressive 
strength varied linearly from 2.97 MPa to 6.36 MPa when mixing time was increased from 5 
minutes to 15 minutes, and similarly, the density increased from 1591 kg/m3 to 1789 kg/m3. 
These increases in compressive strength and density, equivalent to about 53% and 11% 
respectively, as well as a reduction of about 4% in water absorption and 5% in initial rate of 
absorption, demonstrate the significant effect of mixing method on the properties of these types 
of materials.  As the mixing time increases, the pores become smaller and the mixture becomes 
more homogenous.  This is mainly due to the increase in the degree of disintegration of fibres 
and the more uniform distribution of smaller pieces of CB fibres in the mix.  Electron 
micrograph images confirmed that as the mixing time increases, the size of the micro-pores 
decreases and the surface texture of the brick improves and becomes similar to that with no 
CBs.  The results presented at this stage indicate that by increasing mixing times, clay-CB 
bricks with better properties can be produced, even with the inclusion of high percentages of 
CBs.   
• A prediction model was developed using 256 test results found for different types of brick, 
concrete and aggregate.  The developed prediction model was then used to calculate the thermal 
conductivity value using its relationship with the dry density values for the manufactured bricks 
in this study.  A remarkable decrease in conductivity values estimated was achieved using the 
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developed prediction model.  Lower dry density values from the incorporation of the CBs 
resulted in a lower thermal conductivity value which is desirable in terms of energy saving. 
Thermal conductivity of the experimental bricks was estimated to be reduced by 21%, 51%, 
52% and 58% with 2.5%, 5.0%, 7.5% and 10% of CB content respectively compared to the 
thermal conductivity value of the control bricks.  These reductions are very significant amounts 
in terms of energy saving.  The porosity results obtained are also consistent with the estimated 
values of thermal conductivity calculated by the prediction model using the dry density values 
of the tested bricks.  The increase of porosity values produced by the addition of combustible 
CBs improved thermal conductivity performance.  With 10% of CB content compared to 
control bricks, the thermal conductivity decreases steadily from 1.13 Wm-1K-1 to 0.46 Wm-1K-1 
with the increase in porosity from 12% to 27%.  Furthermore, mixing time was found to have a 
significant effect on the thermal conductivity and porosity values.  Five minutes mixing time is 
preferable to 10 and 15 minutes as it leads to lower thermal conductivity and higher porosity 
values with the same percentage of CBs (7.5%) incorporated in the clay brick.  CBs could be 
potential insulation materials or pore-forming additives to improve the thermal conductivity of 
manufactured bricks.  In addition, mixing time can be a potential design criterion in the 
manufacture of clay-CB bricks to control the bricks’ thermal conductivity according to the 
desired application. 
• Leaching tests were carried out to investigate the levels of possible leachates of heavy metals 
from the manufactured clay-CB bricks.  The Australian Bottle Leaching Procedure and 
Toxicity Characteristics Leaching Procedure method using crushed brick (representative 
samples finer than 2.4 mm and 9.5 mm respectively) yielded comparable low leachate 
concentrations of the target metals in the clay-CB bricks with different CB contents (0%, 2.5%, 
5% and 10%).  The Static Leachate Test which was modified and designed for long term 
leachability at 134-day continuous leaching show that for most of the heavy metals investigated, 
the concentrations of the heavy metals leached out increased gradually with leaching time but 
subsequently decreased slightly at the final leaching time of 134 days.  On the whole, leachate 
results determined using the Australian Bottle Leaching Procedure, Toxicity Characteristics 
Leaching Procedure and modified Static Leachate Test methods with 2.5%, 5% and 10% of 
CBs content were insignificant and comply with the concentration limits for heavy metals 
established by the USEPA (1996) and EPAV (2005).  These results indicate that the minimal 
leaching of the target metals from the incorporation of CBs in fired clay bricks would 
effectively minimise the potential of CB contamination problems.   
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• An investigation of the effect of different heating rates (0.7ºC/min, 2ºC/min, 5ºC/min and 
10ºC/min) on gas emissions was conducted.  A gas measurement set-up was developed and gas 
emissions were measured directly from the furnace using a connector from the gas detector. 
The gas detector (Industrial Scientific iBrid Multi-Gas sensors) used in this study was equipped 
with five gas sensors for carbon monoxide (CO), carbon dioxide (CO2), chlorine (Cl2), nitrogen 
oxide (NO) and hydrogen cyanide (HCN).  The results showed similar reduction patterns for 
the estimated total emission results for control and clay-CB brick samples.  Most of the 
estimated total emission values reduced significantly at 10ºC/min followed by 5ºC/min, 
2ºC/min and 0.7ºC/min.  Nevertheless, at 0.7ºC/min and 2ºC/min respectively, significantly 
higher emissions of CO and CO2 were observed for clay-CB bricks compared to control clay 
bricks due to the addition of CBs which provide more organic content and produce a more 
porous brick.  However, significantly lower emissions can be achieved with higher heating 
rates (5ºC/min and 10ºC/min).   
• The effect of heating rates on the properties of control clay and clay-CB bricks highlighted that 
different heating rates used during the firing process showed minimal effects on the physical 
and mechanical properties of the samples tested.  Results for control clay brick samples reduced 
gradually but not significantly for strength and water absorption between heating rates of 
2ºC/min and 5ºC/min.  For initial rate of absorption and dry density the values increased 
slightly as the heating rates increased.  At 5ºC/min, good results were obtained for dry density, 
compressive strength and water absorption properties, but beam samples disintegrated and the 
tensile strength value was not obtained for the control samples.  Findings from the clay-CB 
brick samples indicated that there was no significant difference between compressive strength 
and tensile strength measurements for bricks fired at 0.7ºC/min, 2ºC/min and 5ºC/min. 
Meanwhile, slightly increased values for water absorption were observed when the heating rate 
was increased from 2ºC/min to 10ºC/min.  Dry density values decreased steadily with the 
increase of heating rates.   
• High heating rates are very beneficial in brick manufacture in terms of energy and time 
consumption, as firing bricks at 5ºC/min and 10ºC/min could reduce the heating time by up to 
21 hours and 23 hours respectively, compared to 0.7ºC/min, with lower gas emissions and 
significantly reduced energy consumption. The common heating rate used by the 
manufacturing industry is 0.7ºC/min.  The research carried out in this stage also established that 
high heating rates (5ºC/min and 10ºC/min) could lead to significant reduction of the gas 
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emissions and produce physical and mechanical properties equivalent to those produced at low 
heating rates (0.7ºC/min and 2ºC/min), especially with clay-CB brick samples.  Therefore, clay-
CB bricks that could successfully fired at high heating rates should be considered as an option 
in the brick industry in order to minimise the manufacturing cost.  The changes do not critically 
affect the properties of fired clay bricks and significantly reduce environmental pollution, thus 
offering the potential for greater energy efficiency.   
• Attempts were also made to solve the major drawbacks of firing at high heating rates due to 
disintegration effects by incorporating 3% of steel fibre into the control and clay-CB brick 
samples.  The addition of steel fibre worked for the control bricks as the manufactured samples 
endured firing at 5ºC/min and produced better appearance with similar properties.  Further 
research is strongly recommended, as the incorporation of small amounts of steel fibre could 
lead to the usage of higher heating rates in brick manufacturing which could significantly 
reduce emissions, time and energy use.  For clay-CB bricks, the addition of the steel fibre did 
not significantly improve the properties or the appearance of the manufactured samples.  
• The firing energy saved by incorporating 5% of CBs into fired clay brick was estimated using 
direct calculation and experiment.  The firing energy for control and clay-CB bricks was 
calculated by assuming 2 MJ/kg as the specific firing energy (an estimated minimum value, 
from the literature review) and by taking into account the mass of CBs incorporated and the 
approximate calorific value of the cellulose acetate inside the CB that can help to assist in the 
brick firing.  Experimental work was also carried out to estimate the energy used during the 
firing process through direct measurements of the percentage of output power values from the 
furnace within 20 hours duration.  The corresponding total energy used during firing was 
estimated by calculating the output power (kW) over 20 hours duration by employing the 
trapezoidal method.  For the purpose of comparison, two sets of firing processes were carried 
out in the furnace containing three control bricks and three clay-CB bricks with 5% CB content. 
From the calculation method, the results show that, if all of the energy produced by burning, for 
example, 5% CBs can be fully utilised, about 58% of the energy required for firing bricks can 
be saved compared to control brick. However, the estimated energy saved by incorporating CBs 
into clay bricks using the experimental method was much lower than the estimated value using 
the calculation method (15% only compared to 58% for 5% CB content).  A significant amount 
of energy produced by CBs during the firing of bricks inside the furnace might be released by 
large volumes of hot emissions mainly through the furnace vents.  However, most of this 
energy may be controlled and utilised in a modern brick manufacturing factory.   
Chapter 9                                                                                     Conclusions and recommendations for further research 
Aeslina Abdul Kadir – PhD Thesis                                                                                                                              169 
• The energy savings obtained in this study demonstrate that the addition of CBs to the clay for 
the manufacture of clay bricks assists firing due to its cellulose acetate content, positively 
contributes to the heat input of the furnace during brick firing and reduces the energy required. 
Nevertheless, it was not an objective of this investigation to determine other factors that may 
influence the varied value of energy saved obtained in this study due to inevitable limitations. 
Nonetheless, one of the clear benefits demonstrated is the potential of CBs to reduce firing 
energy.  Even with a modest reduction, the results indicated that incorporation of CBs could be 
an alternative and environmentally beneficial way of reducing the energy used for brick firing.   
 
It can be concluded that this recycling approach would have two main benefits.  Firstly, a 
potential new construction material can be produced: Results indicate that CBs can be regarded 
as a potential addition to raw materials used in the manufacturing of light-weight fired bricks for 
non-load-bearing as well as load-bearing applications, with various improved properties, 
providing the mix is appropriately designed and prepared for the required properties.  Secondly, 
considering the huge volume of CBs produced annually worldwide, and the number of bricks 
manufactured worldwide every year, recycling CBs in bricks is a practical and potentially 
significant contribution to a sustainable solution to one of the serious environmental pollution 
problems in the world.   
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9.2 RECOMMENDATIONS FOR FUTURE RESEARCH 
 
The results of this study are very promising.  It is recommended that further research should be 
carried out to enable the implementation of recycling CBs into fired clay bricks as follows: 
 
• More extensive experimental work is recommended, using different types of common clay soils 
used in brick manufacturing, to develop a broader understanding of the influencing and limiting 
factors that could improve the short and long term properties of manufactured clay-CB bricks. 
• Potentially cost effective waste additives such as fly ash should be investigated in order to 
improve the performance, for example strength, of the manufactured clay-CB bricks. 
• Further research should focus on the composition inside the clay-CB brick for example by 
employing X-ray diffraction (XRD) and differential thermal analysis (DTA).  These procedures 
are normally used during the firing process to obtain information about the reactions inside the 
materials and quantitative thermal reaction processes. 
• The development of a more comprehensive gas measurement experimental set-up is required 
for solid and powder samples of clay-CB brick (for example using evolved gas analysis (EGA) 
for powder samples) with different heating rates.  This would enable the identification, 
quantification and comparison of the emissions produced during the firing process for the solid 
and powder samples. 
• Recycling similar types of wastes in fired clay bricks could be investigated using methods and 
procedures developed in this study. 
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APPENDIX A (METHOD AND RESULTS) 
 
CHAPTER THREE 
PHYSICAL AND MECHANICAL PROPERTIES OF FIRED 
CLAY BRICKS INCORPORATING CIGARETTE BUTTS 
(STAGE I) 
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Figure A1 Silty clayey soil used in this study 
 
Sieve Size 
 
 
(mm) 
Mass 
Retained             
 
(g) 
Cumulative Mass 
Retained                        
 
(g) 
Cumulative 
percent 
retained                         
(%) 
Percent 
Passing 
(%) 
Particle 
diameter 
 
(mm) 
2.36 mm 4.00 4.00 2.5 97.5 2.360 
1.18 mm 23.30 27.30 17.1 82.9 1.180 
600  µm 33.01 60.31 37.7 62.3 0.600 
425 µm 14.11 74.42 46.5 53.5 0.425 
300 µm 9.90 84.32 52.7 47.3 0.300 
150 µm 16.29 100.61 62.9 37.1 0.150 
75   µm 12.39 113.00 70.6 29.4 0.075 
Table A1 Particle size distribution tests (Dry Sieve) results 
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Figure A2 Sieve analysis 
 
 
Figure A3 Sieved particle size from 2.36 mm to 425 µm  
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Figure A4 Sieved particle size from 425 µm to 75 µm  
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Table A2 Liquid limit test results 
 
Measurement 
No 
Mass of Tin           
 
m1 
(g) 
Mass of Wet Soil + 
Tin                           
m2                 
(g) 
Mass of Wet 
Soil                   
m2 -m1                          
(g) 
Mass of Dry Soil 
+ Tin                        
m3                           
(g) 
Mass of Dry 
Soil                        
m4                           
(g) 
Moisture content              
 
w  
(%) 
1 23.92 29.87 5.95 28.88 4.96 19.960 
2 23.82 28.82 5.00 27.83 4.01 24.688 
3 23.58 28.43 4.85 27.59 4.01 20.948 
4 22.44 31.97 9.53 30.40 7.96 19.724 
Table A3 Plastic limit test results
Measurement 
No  
Mass of Tin           
 
m1                           
(g) 
Mass of Wet Soil 
+ Tin                           
m2                             
(g) 
Mass of Wet Soil                   
 
m2 -m1                          
(g) 
Mass of Dry Soil 
+ Tin                        
m3                           
(g) 
Mass of Dry 
Soil                     
m4                           
(g) 
Moisture 
content              
w
(%) 
No of 
Blows 
1 22.91 38.38 15.47 34.75 11.84 30.659 52 
2 22.95 44.10 21.15 39.25 16.30 29.755 39 
3 22.75 43.18 20.43 38.35 15.60 30.962 30 
4 21.99 42.20 20.21 37.51 15.52 30.219 23 
5 21.56 37.67 16.11 33.81 12.25 31.510 17 
6 24.32 48.23 23.91 42.31 17.99 32.907 15 
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Figure A5 Soil from the groove zone in a container 
 
 
Figure A6 The soil was rolled into thread 
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Figure A7 Crumbled threads together in a container 
 
 
Figure A8 X-Ray Fluorescence (XRF) equipment 
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Figure A9 Analysing pressed powder pellet samples using XRF 
 
 
Figure A10 Disinfected cigarette butts after 24 hours at 105ºC 
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Figure A11 Safety equipment 
                                                                                                                                                                                                                                                           Appendix A 
Aeslina Abdul Kadir – PhD Thesis                                                                                                                                                                                  195 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table A4 Standard compaction test results of clay brick (a) Dry density and (b) Moisture content 
Measurement 
No 
Mass of Mould             
 
m1                               
(kg) 
Mass of Wet 
Soil + Mould                   
m2                         
(kg) 
Mass of Wet 
Soil                   
m2 -m1                          
(kg) 
Volume of mould    
 
 (cm3) 
Density of wet 
soil                        
ρ              
(tonnes/m3) 
Density of dry 
soil                              
ρd            
(tonnes/m3) 
1 2.980 4.775 1.795 1000 1.795 1.695 
2 2.980 4.965 1.985 1000 1.985 1.795 
3 2.980 5.085 2.105 1000 2.105 1.800 
4 2.980 5.045 2.065 1000 2.065 1.695 
5 2.980 4.980 2.000 1000 2.000 1.630 
6 2.980 4.955 1.975 1000 1.975 1.596 
Measurement 
No 
Mass of 
Plate                    
m3                           
(kg) 
Mass of 
Plate + Soil       
m4                     
(kg) 
Mass of 
Wet Soil                   
m4 -m3                          
(kg) 
Mass of Dry 
Plate          
m5
(kg) 
Mass of Dry 
Plate + Soil                    
m6                          
(kg) 
Mass of Dry 
Soil                   
m6 -m5                       
(kg) 
Moisture 
content              
w  
(%) 
1 0.190 1.985 1.795 0.190 1.885 1.695 5.900 
2 0.200 2.185 1.985 0.200 1.995 1.795 10.585 
3 0.195 2.300 2.105 0.195 1.995 1.800 16.944 
4 0.175 2.240 2.065 0.175 1.870 1.695 21.829 
5 0.190 2.190 2.000 0.190 1.820 1.630 22.699 
6 0.190 2.160 1.970 0.190 1.782 1.592 23.775 
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(a) Dry density 
Measurement 
No 
Mass of 
Plate                    
m3                               
 
(kg) 
Mass of 
Plate + Soil                       
m4                          
 
(kg) 
Mass of 
Wet Soil                 
m4 -m3                          
 
(kg) 
Mass of Dry 
Plate            
 m5                       
 
(kg) 
Mass of Dry 
Plate + Soil                    
m6                          
 
(kg) 
Mass of Dry Soil                   
 
m6 -m5                        
 
(kg) 
Moisture 
content              
w  
 
(%) 
1 0.195 1.675 1.480 0.195 1.390 1.195 20.504 
2 0.205 1.750 1.545 0.205 1.445 1.545 21.107 
3 0.190 1.825 1.635 0.190 1.485 1.635 22.896 
4 0.175 1.800 1.625 0.175 1.450 1.625 24.138 
(b) Moisture content 
Table A5 Standard compaction test results of clay-CB brick 
Measurement 
No 
Mass of 
Mould             
m1                              
 
(kg) 
Mass of Wet 
Soil + Mould                   
m2                           
 
(kg) 
Mass of Wet 
Soil                   
m2 -m1                          
 
(kg) 
Volume of mould     
 
 
 
(cm3) 
Density of wet 
soil               
ρ               
 
(tonnes/m3) 
Density of dry 
soil                              
ρd            
 
(tonnes/m3) 
1 2.980 4.460 1.480 1000 1.480 1.228 
2 2.980 4.525 1.545 1000 1.545 1.276 
3 2.980 4.620 1.640 1000 1.640 1.334 
4 2.980 4.605 1.625 1000 1.625 1.309 
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Figure A12 Compaction test machine used in the study 
 
 
Figure A13  Rammer of the compactor that was dropped from 300 mm height 
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Figure A14 Layers of compacted soil in steel mould 
 
 
Figure A15 Extrusion of a compacted sample from the mould 
 
                                                                                                                                                                         Appendix A 
Aeslina Abdul Kadir – PhD Thesis                                                                                                            199 
 
Figure A16 Compacted clay samples for the determination of OMC 
 
 
Figure A17     Compacted clay-CBs samples for the determination of OMC 
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Figure A18 Mechanical mixer 
 
 
Figure A19 MTS Universal Testing Machine 
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Figure A20 Lateral modulus of rupture test 
 
 
Figure A21 Environmental Scanning Electron Microscope (ESEM) 
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APPENDIX B (DATA) 
 
CHAPTER FIVE 
THERMAL CONDUCTIVITY 
(STAGE III) 
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Dry Density 
 
 
 
(kg/m3) 
Thermal conductivity 
corrected to 1% moisture 
content by volume 
 
(Wm-1K-1) 
References 
Dense gravel concretes Ball, 1968 
2190 1.38  
2210 1.28  
2290 1.28  
2340 1.46  
2400 1.23  
Light aggregate concretes Ball, 1968 
646 0.12  
969 0.30  
1090 0.36  
1320 0.32  
1430 0.39  
1830 0.61  
2160 1.36  
Aerated concretes Ball, 1968 
828 0.21  
426 0.12  
498 0.13  
586 0.15  
732 0.19  
535 0.13  
Sand cement mortar Ball, 1968 
2080 1.41  
2180 1.53  
Lagging compound Ball, 1968 
213 0.061  
183 0.051  
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Dry Density 
 
 
 
(kg/m3) 
Thermal conductivity 
corrected to 1% moisture 
content by volume 
 
(Wm-1K-1) 
References 
Fired clay Ball, 1968 
1760 0.62  
2030 0.76  
Wall boards Ball, 1968 
788 0.13  
830 0.14  
689 0.19  
711 0.17  
311 0.10  
288 0.05  
264 0.05  
240 0.05  
256 0.05  
237 0.05  
240 0.05  
244 0.05  
276 0.05  
272 0.06  
284 0.05  
282 0.06  
284 0.06  
538 0.12  
Expanded polystyrene Ball, 1968 
15 0.04  
26 0.05  
28 0.03  
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Dry Density 
 
 
 
(kg/m3) 
Thermal conductivity 
corrected to 1% moisture 
content by volume 
 
(Wm-1K-1) 
References 
Expanded polystyrene Ball, 1968 
22 0.03  
24 0.03  
Mineral fibre Ball, 1968 
94 0.04  
64 0.03  
Cork Ball, 1968 
199 0.05  
541 0.09  
223 0.05  
243 0.05  
Fired clay Dondi et al, 2004 
1760 0.63  
1770 0.49  
1870 0.49  
1610 0.50  
1900 0.47  
1850 0.53  
1810 0.48  
1760 0.52  
2120 0.56  
1870 0.46  
1790 0.47  
1670 0.49  
1700 0.49  
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Dry Density 
 
 
 
(kg/m3) 
Thermal conductivity 
corrected to 1% moisture 
content by volume 
 
(Wm-1K-1) 
References 
Fired clay Dondi et al, 2004 
1730 0.60  
1670 0.39  
1660 0.54  
1650 0.42  
1710 0.54  
1720 0.50  
1680 0.44  
1700 0.46  
1630 0.44  
1630 0.42  
1720 0.46  
1710 0.48  
1650 0.46  
1660 0.41  
1720 0.52  
1870 0.63  
Aerated concretes Arnold, 1969 
740 0.16  
800 0.19  
825 0.19  
830 0.21  
735 0.17  
655 0.15  
440 0.11  
590 0.15  
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Dry Density 
 
 
 
(kg/m3) 
Thermal conductivity 
corrected to 1% moisture 
content by volume 
 
(Wm-1K-1) 
References 
Aerated concretes Arnold, 1969 
520 0.18  
640 0.15  
385 0.10  
390 0.10  
400 0.12  
500 0.14  
600 0.16  
750 0.16  
400 0.15  
450 0.13  
720 0.21  
400 0.12  
500 0.14  
545 0.13  
545 0.12  
530 0.17  
435 0.12  
440 0.12  
435 0.12  
515 0.13  
490 0.13  
500 0.13  
610 0.15  
595 0.15  
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Dry Density 
 
 
 
(kg/m3) 
Thermal conductivity 
corrected to 1% moisture 
content by volume 
 
(Wm-1K-1) 
References 
Aerated concretes Arnold, 1969 
595 0.15  
600 0.15  
800 0.18  
735 0.14  
750 0.16  
545 0.14  
600 0.13  
445 0.11  
500 0.14  
610 0.14  
720 0.13  
835 0.15  
480 0.14  
Clinker aggregate concretes Arnold, 1969 
1265 0.36  
1330 0.43  
1345 0.35  
1425 0.46  
1650 0.52  
1890 0.97  
1920 0.78  
Expanded clay aggregate concrete Arnold, 1969 
1175 0.33  
1160 0.30  
1040 0.29  
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Dry Density 
 
 
 
(kg/m3) 
Thermal conductivity 
corrected to 1% moisture 
content by volume 
 
(Wm-1K-1) 
References 
Expanded clay aggregate concrete Arnold, 1969 
993 0.27  
1055 0.29  
435 0.13  
1230 0.39  
1370 0.43  
1420 0.43  
1480 0.43  
1550 0.63  
850 0.23  
915 0.25  
1135 0.26  
1650 0.48  
Sintered PFA aggregate concrete Arnold, 1969 
1230 0.27  
1420 0.40  
1490 0.55  
1170 0.30  
1370 0.39  
1060 0.25  
1505 0.40  
1545 0.37  
1310 0.36  
1350 0.33  
1200 0.32  
1620 0.39  
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Dry Density 
 
 
 
(kg/m3) 
Thermal conductivity 
corrected to 1% moisture 
content by volume 
 
(Wm-1K-1) 
References 
Vermiculite aggregate concrete Arnold, 1969 
1010 0.27  
690 0.19  
530 0.14  
815 0.20  
810 0.17  
480 0.14  
503 0.13  
395 0.11  
790 0.20  
635 0.17  
Foamed slay aggregate concrete Arnold, 1969 
1025 0.19  
610 0.11  
1185 0.25  
1345 0.30  
1390 0.27  
1295 0.29  
1330 0.26  
1120 0.21  
800 0.14  
575 0.11  
735 0.14  
1795 0.63  
1695 0.45  
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Dry Density 
 
 
 
(kg/m3) 
Thermal conductivity 
corrected to 1% moisture 
content by volume 
 
(Wm-1K-1) 
References 
Foamed slay aggregate concrete Arnold, 1969 
1830 0.59  
1745 0.45  
1330 0.32  
1360 0.27  
850 0.14  
595 0.12  
785 0.16  
Pumice aggregate concrete Arnold, 1969 
720 0.14  
495 0.12  
720 0.15  
Bricks Arnold, 1969 
1265 0.44  
1295 0.48  
1310 0.51  
1390 0.44  
1390 0.54  
1460 0.51  
1490 0.70  
1570 0.62  
1585 0.69  
1620 0.62  
1635 0.44  
1680 0.62  
1710 0.72  
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Dry Density 
 
 
 
(kg/m3) 
Thermal conductivity 
corrected to 1% moisture 
content by volume 
 
(Wm-1K-1) 
References 
Bricks Arnold, 1969 
1710 0.58  
1825 0.73  
1905 0.89  
1940 0.91  
1955 0.93  
1955 0.60  
1985 0.81  
2035 0.97  
2160 0.73  
Gravel aggregate concrete Arnold, 1969 
1825 0.76  
1825 0.79  
2050 1.40  
2065 1.20  
2195 1.20  
2210 1.10  
2210 1.00  
2210 1.20  
2210 1.40  
2225 1.40  
2260 1.20  
Cement mortar concrete Demirbas, 2004 
1860 0.32  
1502 0.66  
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Dry Density 
 
 
(kg/m3) 
Thermal conductivity 
corrected to 1% moisture 
content by volume 
(Wm-1K-1) 
References 
Lightweight aggregate concrete Demirbas, 2004 
1674 0.19  
Pumice concrete Demirbas, 2004 
1613 0.18  
Fly ash concrete Demirbas, 2004 
2431 0.47  
Natural zeolite concrete Demirbas, 2004 
2190 0.43  
Sand (dry) concrete Demirbas, 2004 
2360 0.45  
Gypsum concrete Demirbas, 2004 
800 0.15  
Perlite concrete Demirbas, 2004 
784 0.10  
Sawdust concrete CCANZ, 1980 
640 0.20  
1200 0.29  
Perlite concrete CCANZ, 1980 
580 0.07  
350 0.11  
Vermiculite concrete CCANZ, 1980 
560 0.16  
400 0.09  
Foamed insitu concrete CCANZ, 1980 
495 0.10  
640 0.11  
800 0.17  
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Dry Density 
 
 
 
(kg/m3) 
Thermal conductivity 
corrected to 1% moisture 
content by volume 
 
(Wm-1K-1) 
References 
Foamed insitu concrete CCANZ, 1980 
960 0.23  
1120 0.30  
1280 0.42  
1440 0.55  
Cenosphere concrete CCANZ, 1980 
1387 0.58  
1368 0.56  
1325 0.55  
1308 0.55  
1228 0.52  
1090 0.46  
1510 0.69  
1502 0.66  
1479 0.66  
Cenosphere concrete Blanco et al, 2000 
1474 0.64  
1428 0.61  
1439 0.59  
1429 0.61  
1387 0.58  
Aquagel concrete Glenn et al, 1998 
1100 0.35  
1400 0.45  
1650 0.52  
1800 0.70  
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Table B1 Data on thermal conductivity versus dry density of some different types of 
concrete, brick and other masonry materials (Dondi et al, 2004; Demirbas, 
2004; Blanco et al, 2000; Glenn et al, 1998; CCANZ, 1980; Arnold, 1969; Ball, 
1968) 
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APPENDIX C (METHOD) 
 
CHAPTER SIX 
LEACHATE ANALYSES 
(STAGE IV) 
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Figure C1 Crushed clay-CB brick 
 
 
Figure C2 Bricks were crushed into small pieces until they passed through a sieve 
of size 2.4 mm and 9.5 mm 
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Figure C3 Prepared sample in a screw-capped polyethylene bottle 
 
 
Figure C4 Samples were mixed for 18 hours in an end-over-end manner at 30 rpm 
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Figure C5 Filtration system 
 
 
Figure C6 Samples were filtered using glass fibre 0.7 µm 
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Figure C7 Whole solid brick suspended with plastic wire 
 
 
Figure C8 Whole solid brick with different percentages of CBs suspended in closed 
vessel 
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Figure C9 Inductive Coupled Plasma Mass Spectrometry (ICP-MS) 
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APPENDIX D (RESULTS) 
 
CHAPTER SEVEN 
EFFECT OF HEATING RATE ON GAS EMISSIONS AND 
BRICK PROPERTIES 
(STAGE V) 
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Figure D1 Carbon monoxide emissions from control clay bricks with different heating 
rates 
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Figure D2 Nitrogen oxide emissions from control clay bricks with different heating rates 
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Figure D3 Carbon dioxide emissions from control clay bricks with different heating 
rates 
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Figure D4 Hydrogen cyanide emissions from control clay bricks with different heating 
rates 
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Figure D5 Chlorine emissions from control clay bricks with different heating rates 
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Figure D6 Carbon monoxide emissions from clay-CB bricks with different heating rates 
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Figure D7 Chlorine emissions from clay-CB bricks with different heating rates 
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Figure D8 Carbon dioxide emissions from clay-CB bricks with different heating rates 
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Figure D9 Hydrogen cyanide emissions from clay-CB bricks with different heating rates 
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Figure D10 Nitrogen oxide emissions from clay-CB bricks with different heating rates 
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APPENDICES E (RAW DATA) 
 
CHAPTER THREE 
PHYSICAL AND MECHANICAL PROPERTIES OF FIRED 
CLAY BRICKS INCORPORATING CIGARETTE BUTTS  
(STAGE I) 
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Table E1 Dry density test results of 0%, 2.5%, 5% and 10% of CBs 
Samples Percentage of 
CBs by weight 
 
(%) 
 
No of 
samples 
Dry density after 
drying  
 
(%) 
Dry density after 
firing 
 
(%) 
 0.0    
Brick   3 2023.80 2121.70 
Beam  3 1971.09 2135.10 
Cube  3 2135.10 2095.91 
Average   2043.33 2117.57 
 2.5    
Brick   3 1902.82 1936.60 
Beam  3 1825.30 1966.97 
Cube  3 1933.48 1918.37 
Average   1887.20 1940.65 
 5.0    
Brick   3 1626.77 1613.00 
Beam  3 1586.57 1668.07 
Cube  3 1639.14 1552.56 
Average   1717.49 1611.21 
 10.0    
Brick   3 1563.21 1450.90 
Beam  3 1510.90 1485.42 
Cube  3 1607.79 1510.20 
Average   1560.64 1482.17 
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Samples Percentage of 
CBs by weight 
 
 
(%) 
 
Length of 
mould 
 
 
(mm) 
Length of 
samples after 
drying 
 
(mm) 
Length of 
samples 
after firing  
 
(mm) 
Drying 
shrinkage 
 
 
(%) 
Firing 
shrinkage 
 
 
(%) 
Total 
shrinkage 
 
 
(%) 
225 x 110 x 75 mm 0.0       
Brick 1  225.01 223.37 219.12 1.64 4.25 5.89 
Brick 2  225.02 223.45 218.48 1.57 4.97 6.54 
Brick 3  225.09 223.44 218.20 1.65 5.24 6.89 
Average     1.62 4.82 6.44 
 2.5       
Brick 1  224.00 222.20 217.94 2.00 4.26 6.76 
Brick 2  224.92 223.30 217.94 1.62 5.36 6.98 
Brick 3  224.33 222.67 217.23 1.66 5.44 7.10 
Average     1.76 5.02 6.78 
 5.0       
Brick 1  224.98 222.55 217.90 2.43 4.65 7.08 
Brick 2  225.01 223.05 217.78 1.96 5.27 7.23 
Brick 3  224.99 222.99 217.61 2.00 5.38 7.38 
Average     2.13 5.10 7.23 
 10.0       
Brick 1  224.77 221.99 216.76 2.78 5.23 8.01 
Brick 2  224.83 222.80 217.31 2.03 5.49 7.52 
Brick 3  224.91 222.85 217.43 2.06 5.42 7.48 
Average     2.29 5.38 7.67 
Table E2 Drying and firing shrinkage test results of 0%, 2.5%, 5% and 10% of CBs 
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Samples Percentage of CBs 
by weight 
 
 
(%) 
 
Total load 
 
P 
 
 (kN) 
Aspect ratio 
 
Ka 
Area 
 
A 
 
 (mm2) 
Compressive 
strength 
C 
 
 (MPa) 
100 x 100 x 100 mm 0.0     
Cube 1  380.00 0.7 10404 25.57 
Cube 2  390.00 0.7 10608 25.74 
Cube 3  386.00 0.7 10540 25.64 
Average     25.65 
 2.5     
Cube 1  179.00 0.7 10100 12.41 
Cube 2  180.00 0.7 10201 12.73 
Cube 3  182.30 0.7 10152 12.57 
Average     12.57 
 5.0     
Cube 1  78.00 0.7 10098 5.35 
Cube 2  74.00 0.7 9900 5.08 
Cube 3  75.11 0.7 10054 5.23 
Average     5.22 
 10.0     
Cube 1  34.50 0.7 8562 2.82 
Cube 2  37.00 0.7 8564 3.02 
Cube 3  38.00 0.7 8474 3.14 
Average     2.99 
Table E3 Compressive strength test results of 0%, 2.5%, 5% and 10% of CBs 
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Size of brick Samples Percentage 
of CBs by 
weight 
 
 
(%) 
 
W         
 
 
(kN) 
l 
 
 
(mm) 
l1 
 
 
(mm) 
Bending 
moment  
 
M 
 
(Nmm) 
Section 
modulus of 
test specimen 
Z  
               
(mm3) 
Work size 
width             
 
B     
                 
(mm) 
Work size 
depth  
 
D 
                  
(mm) 
Lateral 
modulus 
of rupture         
Tn   
               
(MPa ) 
300 x 100 x 50 mm 0.0         
Beam 1  1.9 161.7 70.0 43213.63 21950.22107 102.76 35.80 1.97 
Beam 2  3.4 161.7 70.0 79435.13 21950.22107 102.76 35.80 3.62 
Beam 3  2.7 160.9 69.7 61007.70 21945.2133 103.01 35.75 2.78 
Average         2.79 
 2.5         
Beam 1  2.6 159.40 68.30 58076.25 20633.116 102.49 34.76 2.81 
Beam 2  2.0 159.40 68.30 44411.25 20633.116 102.49 34.76 2.15 
Beam 3  2.3 159.25 69.01 51087.70 20599.886 101.89 34.83 2.48 
Average         2.48 
 5.0         
Beam 1  1.9 161.00 67.60 43197.50 19678.053 99.60 34.43 2.20 
Beam 2  2.2 161.00 67.60 51136.50 19678.053 99.60 34.43 2.60 
Beam 3  1.9 160.80 68.02 43267.60 19667.089 98.88 34.55 2.20 
Average         2.40 
 10.0         
Beam 1  1.16 159.40 68.30 26419.00 20536.080 101.92 34.77 1.29 
Beam 2  1.07 159.40 68.30 24369.25 20536.080 101.92 34.77 1.19 
Beam 3  1.12 160.10 68.97 25456.10 20529.091 102.11 34.73 1.24 
Average         1.24 
Table E4 Lateral modulus rupture test results of 0%, 2.5%, 5% and 10% of CBs 
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Samples Percentage 
of CBs by 
weight 
 
 
(%) 
 
Dry Mass      
 
 
m1 
 
(g) 
Cold water 24 
hour immersion  
test                        
m2    
   
              (g) 
Five hour 
boiling 
water  
m3   
   
        (g) 
Cold water 
absorption       
 
Wi 
 
(%) 
Boiling 
water 
absorption     
Wb 
 
(%) 
Average of cold 
and boiling water 
absorption 
Wa 
 
(%) 
225 x 110 x 75 mm 0.0       
Brick 1  3260 3400 3425 4.294 5.061 4.68 
Brick 2  3185 3315 3340 4.082 4.867 4.47 
Brick 3  3135 3260 3290 3.987 4.944 4.47 
Average     4.121 4.957 4.54 
 2.5       
Brick 1  2845 3055 3160 7.381 11.072 9.23 
Brick 2  2835 3040 3155 7.231 11.287 9.26 
Brick 3  2865 3075 3175 7.330 10.820 9.08 
Average     7.314 11.060 9.19 
 5.0       
Brick 1  2300 2550 2715 10.870 18.043 14.46 
Brick 2  2265 2530 2695 11.700 18.985 15.34 
Brick 3  2315 2555 2720 10.367 17.495 13.93 
Average     10.979 18.174 14.58 
 10.0       
Brick 1  2220 2515 2705 13.288 21.847 17.57 
Brick 2  2175 2470 2640 13.563 21.379 17.47 
Brick 3  2030 2355 2520 16.010 24.138 20.07 
Average     13.426 21.613 17.52 
Table E5 Water absorption test results of 0%, 2.5%, 5% and 10% of CBs 
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Samples Percentage of CBs 
by weight 
 
 
 
(%) 
 
Dry mass        
   
 
m1 
 
(g) 
Wet mass 
 
 
m2 
 
(g) 
Gross area 
of the bed 
 
Agross 
  
(mm2) 
Initial Rate of 
Absorption 
 
IRA 
 
(kg/m2/min) 
Temperature              
 
 
 
 
(°C) 
225 x 110 x 75 mm 0.0      
Brick 1  3260 3270 21653.59 0.462 25 
Brick 2  3185 3190 21508.30 0.232 26 
Brick 3  3135 3140 21021.43 0.238 25 
Average     0.235  
 2.5      
Brick 1  2845 2875 21434.70 1.400 26 
Brick 2  2835 2855 21270.32 0.940 25 
Brick 3  2865 2895 21239.00 1.412 25 
Average     1.406  
 5.0      
Brick 1  2300 2355 20298.48 2.710 26 
Brick 2  2265 2350 20641.20 4.118 26 
Brick 3  2315 2355 20510.00 1.950 25 
Average     2.330  
 10.0      
Brick 1  2220 2325 21302.98 4.929 26 
Brick 2  2175 2280 21124.35 4.971 25 
Brick 3  2030 2180 21203.44 7.074 25 
Average     4.950  
Table E6 Initial rate of absorption test results of 0%, 2.5%, 5% and 10% of CBs
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APPENDICES F (RAW DATA) 
 
CHAPTER FOUR 
INVESTIGATION OF THE EFFECT OF MIXING TIME AND 
CONFIRMATION TESTS 
(STAGE II) 
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Table F1 Density test results of 7.5% CBs content at 5, 10 and 15 minutes mixing time 
 
 
 
 
 
Samples Percentage of 
CBs by weight 
 
 
(%) 
 
No of 
samples 
Mixing times 
 
 
 
(min) 
Dry density after 
drying  
 
 
(%) 
Dry density after 
firing 
 
 
(%) 
 7.5  15   
Brick   3  1642.500 1810.30 
Beam  3  1578.016 1797.11 
Cube  3  1647.192 1759.93 
Average    1622.570 1789.11 
 7.5  10   
Brick   3  1714.324 1758.20 
Beam  3  1644.898 1764.74 
Cube  3  1516.659 1746.45 
Average    1625.290 1756.46 
 7.5  5   
Brick   3  1559.108 1592.50 
Beam  3  1547.880 1584.56 
Cube  3  1551.557 1595.94 
Average    1552.850 1591.00 
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Samples Percentage of 
CBs by weight 
 
 
(%) 
 
Mixing 
times 
 
 
(min) 
Length of 
mould 
 
 
(mm) 
Length of 
samples after 
drying 
 
(mm) 
Length of 
samples 
after firing  
 
(mm) 
Drying 
shrinkage 
 
 
(%) 
Firing 
shrinkage 
 
 
(%) 
Total 
shrinkage 
 
 
(%) 
225 x 110 x 75 mm 7.5 15       
Brick 1   225.07 222.09 218.40 2.98 3.69 6.67 
Brick 2   225.01 223.01 218.12 2.00 4.89 6.89 
Brick 3   225.03 223.38 218.40 1.65 4.98 6.63 
Average      2.21 4.52 6.73 
 7.5 10       
Brick 1   225.03 222.27 217.81 2.76 4.46 7.22 
Brick 2   224.96 223.10 217.80 1.86 5.30 7.16 
Brick 3   224.95 222.94 217.76 2.01 5.18 7.19 
Average      2.21 4.98 7.19 
 7.5 5       
Brick 1   225.04 221.31 214.43 3.73 6.88 10.61 
Brick 2   225.02 222.95 216.75 2.07 6.20 8.27 
Brick 3   225.09 222.94 216.94 2.15 6.00 8.15 
Average      2.65 6.36 9.01 
Table F2 Drying and firing shrinkage test results of 7.5% CBs content at 5, 10 and 15 minutes mixing time 
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Samples Percentage of CBs 
by weight 
 
 
(%) 
 
Mixing times 
 
 
 
(min) 
Total load 
 
P 
 
 (kN) 
Aspect ratio 
 
Ka 
Area 
 
A 
 
 (mm2) 
Compressive 
strength 
C 
 
 (MPa) 
100 x 100 x 100 mm 7.5  15     
Cube 1   74 0.7 7924 6.54 
Cube 2   76 0.7 7811 6.81 
Cube 3   64 0.7 7831 5.72 
Average      6.36 
 7.5  10     
Cube 1   49 0.7 8141 4.21 
Cube 2   53 0.7 8188 4.53 
Cube 3   47 0.7 8231 4.00 
Average      4.25 
 7.5  5     
Cube 1   34.5 0.7 8611 2.80 
Cube 2   40 0.7 8469 3.31 
Cube 3   34 0.7 8498 2.80 
Average      2.97 
Table F3 Compressive strength test results of 7.5% CBs content at 5, 10 and 15 minutes mixing time 
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Samples Percentage 
of CBs by 
weight 
 
 
(%) 
 
Mixing 
times 
 
 
 
(min) 
Dry Mass     
 
 
m1 
 
(g) 
Cold water 24 
hour 
immersion  test                        
m2    
   
              (g) 
Five hour 
boiling 
water  
m3   
   
        (g) 
Cold water 
absorption      
 
Wi 
 
(%) 
Boiling 
water 
absorption     
Wb 
 
(%) 
Average of cold 
and boiling 
water absorption 
Wa 
 
(%) 
225 x 110 x 75 mm 7.5 15       
Brick 1   2260 2525 2635 11.726 16.593 14.16 
Brick 2   2320 2560 2680 10.345 15.517 12.93 
Brick 3   2300 2555 2670 11.087 16.087 13.59 
Average      11.035 16.055 13.55 
 7.5 10       
Brick 1   2460 2735 2875 11.179 16.870 14.02 
Brick 2   2445 2715 2840 11.043 16.155 13.60 
Brick 3   2430 2695 2815 10.905 15.844 13.37 
Average      11.111 16.513 13.81 
 7.5 5       
Brick 1   2330 2695 2840 15.67 21.89 18.78 
Brick 2   2400 2740 2885 14.17 20.21 17.19 
Brick 3   2360 2680 2830 13.56 19.92 16.74 
Average      14.92 21.05 17.98 
Table F4 Water absorption test results of 7.5% CBs content at 5, 10 and 15 minutes mixing time 
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Samples Percentage of 
CBs by weight 
 
 
 
(%) 
 
Mixing times 
 
 
 
 
(min) 
Dry mass       
   
 
m1 
 
(g) 
Wet mass 
 
 
m2 
 
(g) 
Gross area 
of the bed 
 
Agross 
  
(mm2) 
Initial Rate of 
Absorption 
 
IRA 
 
(kg/m2/min) 
Temperature              
 
 
 
 
(°C) 
225 x 110 x 75 mm 7.5 15      
Brick 1   2260 2375 19355.13 5.942 25 
Brick 2   2320 2400 19516.37 4.099 25 
Brick 3   2300 2375 19660.51 3.815 25 
Average      3.957  
 7.5  10      
Brick 1   2460 2525 20654.34 3.147 25 
Brick 2   2445 2530 20297.33 4.188 26 
Brick 3   2430 2495 20273.98 3.206 25 
Average      3.514  
 7.5  5      
Brick 1   2335 2430 21060.90 4.511 26 
Brick 2   2400 2475 21082.88 3.557 26 
Brick 3   2360 2450 20990.54 4.288 25 
Average      4.119  
Table F5 Initial rate of absorption test results of 7.5% CBs content at 5, 10 and 15 minutes mixing time 
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APPENDICES G (RAW DATA) 
 
CHAPTER SEVEN 
EFFECT OF HEATING RATE ON GAS EMISSIONS AND 
BRICK PROPERTIES 
(STAGE V) 
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Samples Percentage of 
CBs by weight 
 
 
(%) 
 
No of 
samples 
Heating rate 
 
 
 
(°C/min) 
Dry density after 
drying  
 
 
(%) 
Dry density after 
firing 
 
 
(%) 
 0.0  0.7   
Brick   3  2023.80 2121.70 
Beam  3  1971.09 2135.10 
Cube  3  2135.10 2095.91 
Average    2043.33 2117.57 
 5.0  0.7 
  
Brick   3  1867.661 1889.12 
Beam  3  1900.390 1912.97 
Cube  3  1889.632 1900.76 
Average    1885.890 1900.95 
 0.0  2.0 
  
Brick   3  2064.140 2125.94 
Beam  3  2012.970 2122.49 
Cube  3  2009.100 2123.87 
Average    2028.740 2124.10 
 5.0  2.0 
  
Brick   3  1819.880 1839.16 
Beam  3  1830.265 1856.67 
Cube  3  1845.303 1863.68 
Average    1831.820 1853.17 
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Table G1 Dry density test results of 0% and 5% of CB content at 2°C/min, 5°C/min and 10°C/min 
Samples Percentage of 
CBs by weight 
 
 
(%) 
 
No of 
samples 
Heating rate 
 
 
 
(°C/min) 
Dry density after 
drying  
 
 
(%) 
Dry density after 
firing 
 
 
(%) 
 0.0  5.0   
Brick   3  2036.440 2134.57 
Beam  3  2064.430 2137.17 
Cube  3  1987.750 2131.37 
Average    2029.540 2134.37 
 5.0  5.0   
Brick   3  1586.188 1710.29 
Beam  3  1628.277 1755.57 
Cube  3  1685.964 1743.01 
Average    1633.480 1736.29 
 0.0  10.0 
  
Brick   3  2080.520 2304.47 
Beam  3  1912.970 2122.49 
Cube  3  2042.150 2213.33 
Average    2011.880 2213.43 
 5.0  10.0 
  
Brick   3  1607.810 1700.97 
Beam  3  1563.210 1671.25 
Cube  3  1510.900 1668.53 
Average    1560.640 1680.25 
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Samples Percentage of 
CBs by weight 
 
 
 
(%) 
 
Heating rate 
 
 
 
 
(°C/min) 
Total load 
 
 
P 
 
(kN) 
Aspect ratio 
 
 
Ka 
Area 
 
 
A 
 
(mm2) 
Compressive 
strength 
 
C 
 
(MPa) 
100 x 100 x 100 mm 0.0 0.7     
Cube 1   380.00 0.7 10404 25.57 
Cube 2   390.00 0.7 10608 25.74 
Cube 3   386.00 0.7 10540 25.64 
Average      25.65 
 5.0 0.7     
Cube 1   207.00 0.7 10100 14.41 
Cube 2   214.66 0.7 10201 14.73 
Cube 3   197.38 0.7 10152 13.61 
Average      14.25 
 0.0 2.0     
Cube 1   216.70 0.7 8432 17.99 
Cube 2   216.00 0.7 8498 17.79 
Cube 3   216.32 0.7 8450 17.92 
Average      17.90 
 5.0 2.0     
Cube 1   152.00 0.7 8450 12.59 
Cube 2   113.00 0.7 8527 9.28 
Cube 3   99.00 0.7 8358 8.29 
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Samples Percentage of 
CBs by weight 
 
 
 
(%) 
 
Heating rate 
 
 
 
 
(°C/min) 
Total load 
 
 
P 
 
(kN) 
Aspect ratio 
 
 
Ka 
Area 
 
 
A 
 
(mm2) 
Compressive 
strength 
 
C 
 
(MPa) 
Average      10.05 
 0.0 5.0     
Cube 1   230.00 0.7 8359 19.26 
Cube 2   182.00 0.7 8242 15.46 
Cube 3   171.00 0.7 8374 14.29 
Average      16.34 
 5.0 5.0     
Cube 1   111.65 0.7 8279 9.44 
Cube 2   110.02 0.7 8098 9.51 
Cube 3   106.96 0.7 8094 9.25 
Average      9.40 
 0.0 10.0     
Cube 1   N/A N/A N/A N/A 
Cube 2   N/A N/A N/A N/A 
Cube 3   N/A N/A N/A N/A 
 5.0 10.0     
Cube 1   71.00 0.7 8768 5.67 
Cube 2   59.00 0.7 8544 4.83 
Cube 3   56.00 0.7 8561 4.58 
Average      5.03 
Table G2 Compressive strength test results of 0% and 5% of CB content at 2°C/min, 5°C/min and 10°C/min 
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Size of brick Samples Percentage 
of CBs by 
weight 
 
 
 
(%) 
 
Heating 
rate 
 
 
 
 
(°C/min) 
W 
 
 
 
(kN) 
l 
 
 
 
(mm) 
l1 
 
 
 
(mm) 
Bending 
moment 
 
 
M 
 
(Nmm) 
Section 
modulus of 
test specimen 
 
Z 
 
(mm3) 
Work size 
width 
 
 
B 
 
(mm) 
Work size 
depth 
 
 
D 
 
(mm) 
Lateral 
modulus 
of rupture 
 
Tn 
 
(MPa ) 
300 x 100 x 50 mm 0.0 0.7         
Beam 1   1.9 161.7 70.0 43213.63 21950.22107 102.76 35.80 1.97 
Beam 2   3.4 161.7 70.0 79435.13 21950.22107 102.76 35.80 3.62 
Beam 3   2.7 160.9 69.7 61007.70 21945.2133 103.01 35.75 2.78 
Average          2.79 
 5.0 0.7         
Beam 1   5.3 212.9 91.7 160926.00 33596.28971 92.35 46.72 4.79 
Beam 2   4.6 213.3 91.0 141658.00 35150.97585 91.96 47.89 4.03 
Beam 3   5.3 209.0 90.0 157446.00 31426.34187 90.88 45.55 5.01 
Average          4.61 
 0.0 2.0         
Beam 1   6.8 209.00 90.00 202352.00 32796.069 90.81 46.55 6.17 
Beam 2   5.9 214.10 91.30 183870.00 30954.558 91.23 45.12 5.94 
Beam 3   6.2 212.90 91.70 187623.00 31218.503 91.48 45.25 6.01 
Average          6.04 
 5.0 2.0         
Beam 1   5.0 211.10 91.30 149750.00 33788.870 91.62 47.04 4.43 
Beam 2   4.6 211.30 91.00 138410.00 32414.616 91.04 46.22 4.27 
Beam 3   4.6 214.10 91.30 142081.00 30954.558 91.23 45.12 4.59 
Average          4.43 
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Size of brick Samples Percentage 
of CBs by 
weight 
 
 
 
(%) 
 
Heating 
rate 
 
 
 
 
(°C/min) 
W 
 
 
 
(kN) 
l 
 
 
 
(mm) 
l1 
 
 
 
(mm) 
Bending 
moment 
 
 
M 
 
(Nmm) 
Section 
modulus of 
test specimen 
 
Z 
 
(mm3) 
Work size 
width 
 
 
B 
 
(mm) 
Work size 
depth 
 
 
D 
 
(mm) 
Lateral 
modulus 
of rupture 
 
Tn 
 
(MPa ) 
 0.0 5.0         
Beam 1   - - - - - - - - 
Beam 2   - - - - - - - - 
Beam 3   - - - - - - - - 
Average           
 5.0 5.0         
Beam 1   4.96 209.40 91.0 146816.00 32900.568 88.57 47.21 4.46 
Beam 2   4.42 209.40 91.0 130832.00 31677.088 89.51 46.08 4.13 
Beam 3   4.62 212.55 90.6 140869.00 32684.20814 90.19 46.63 4.31 
Average          4.30 
 0.0 10.0         
Beam 1   N/A N/A N/A N/A N/A N/A N/A N/A 
Beam 2   N/A N/A N/A N/A N/A N/A N/A N/A 
Beam 3   N/A N/A N/A N/A N/A N/A N/A N/A 
Average           
 5.0 10.0         
Beam 1   3.38 213.88 91.6 103326.60 34878.11706 90.98 47.96 2.96 
Beam 2   3.42 212.55 90.6 104267.25 32684.20814 90.19 46.63 3.19 
Beam 3   3.41 209.00 90.00 101340.00 32796.069 90.81 46.55 3.09 
Average          3.08 
Table G3 Lateral modulus of rupture test results of 0% and 5% of CB content at 2°C/min, 5°C/min and 10°C/min 
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Samples Percentage 
of CBs by 
weight 
 
 
 
(%) 
 
Heating 
rate 
 
 
 
 
(°C/min) 
Dry Mass     
 
 
 
m1 
 
(g) 
Cold water 24 
hour immersion  
test                        
 
m2    
   
(g) 
Five hour 
boiling 
water  
 
m3   
   
(g) 
Cold water 
absorption      
 
 
Wi 
 
(%) 
Boiling 
water 
absorption     
 
Wb 
 
(%) 
Average of cold 
and boiling water 
absorption 
 
Wa 
 
(%) 
225 x 110 x 75 mm 0.0 0.7       
Brick 1   3260 3400 3425 4.294 5.061 4.68 
Brick 2   3185 3315 3340 4.082 4.867 4.47 
Brick 3   3135 3260 3290 3.987 4.944 4.47 
Average      4.121 4.957 4.54 
 5.0 0.7       
Brick 1   2845 3133 3160 10.108 11.072 10.59 
Brick 2   2835 3114 3155 9.833 11.287 10.56 
Brick 3   2865 3174 3175 10.78 10.820 10.80 
Average      10.24 11.060 10.65 
 0.0 2.0       
Brick 1   2755 2878 2960 4.439 7.441 5.94 
Brick 2   2892 3089 3104 6.824 7.336 7.08 
Brick 3   2995 3170 3210 5.843 7.179 6.51 
Average      5.702 7.319 6.51 
 5.0 2.0       
Brick 1   2619 2820 2953 7.690 12.770 10.23 
Brick 2   2635 2844 2957 7.947 12.233 10.09 
Brick 3   2510 2705 2825 7.769 12.550 10.16 
Average      7.802 12.517 10.16 
 0.0 5.0       
Brick 1   3065 3260 3300 6.362 7.667 7.01 
Brick 2   3078 3280 3315 6.549 7.711 7.13 
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Samples Percentage 
of CBs by 
weight 
 
 
 
(%) 
 
Heating 
rate 
 
 
 
 
(°C/min) 
Dry Mass     
 
 
 
m1 
 
(g) 
Cold water 24 
hour immersion  
test                        
 
m2    
   
(g) 
Five hour 
boiling 
water  
 
m3   
   
(g) 
Cold water 
absorption      
 
 
Wi 
 
(%) 
Boiling 
water 
absorption     
 
Wb 
 
(%) 
Average of cold 
and boiling water 
absorption 
 
Wa 
 
(%) 
Brick 3   3049 3236 3283 6.121 7.659 6.89 
Average      6.344 7.679 7.01 
 5.0 5.0       
Brick 1   2647 2957 3131 11.698 18.302 15.00 
Brick 2   2530 2815 2990 11.265 18.182 14.72 
Brick 3   2519 2792 2973 10.850 18.030 14.44 
Average      11.271 18.171 14.72 
 0.0 10.0       
Brick 1   2813 2915 3024 3.641 7.499 5.57 
Brick 2   2736 2824 2938 3.221 7.399 5.31 
Brick 3   2755 2850 2960 3.439 7.441 5.44 
Average      3.434 7.446 5.44 
 5.0 10.0       
Brick 1   2530 2815 2975 11.265 17.589 14.43 
Brick 2   2628 2929 3095 11.447 17.773 14.61 
Brick 3   2554 2839 3331 11.158 17.342 14.25 
Average      11.290 17.568 14.43 
Table G4 Water absorption test results of 0% and 5% of CB content at 2°C/min, 5°C/min and 10°C/min 
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Samples Percentage of 
CBs by weight 
 
 
 
(%) 
 
Heating 
rate 
 
 
 
(°C/min) 
Dry mass        
   
 
m1 
 
(g) 
Wet mass 
 
 
m2 
 
(g) 
Gross area 
of the bed 
 
Agross 
  
(mm2) 
Initial Rate of 
Absorption 
 
IRA 
 
(kg/m2/min) 
Temperature              
 
 
 
 
(°C) 
 
225 x 110 x 75 mm 0.0 0.7      
Brick 1   3260 3270 21653.59 0.462 25 
Brick 2   3185 3190 21508.30 0.232 26 
Brick 3   3135 3140 21021.43 0.238 25 
Average      0.235  
 5.0 0.7      
Brick 1   2845 2876 21434.70 1.450 26 
Brick 2   2835 2866 21270.32 1.448 25 
Brick 3   2865 2896 21239.00 1.452 25 
Average      1.450  
 0.0 2.0      
Brick 1   2995 3015 22507.74 0.889 26 
Brick 2   3000 3025 22507.74   1.111 26 
Brick 3   3002 3025 22501.88 1.000 25 
Average      1.000  
 5.0 2.0      
Brick 1   2512 2545 24702.43 1.336 26 
Brick 2   2521 2554 24808.22 1.329 25 
Brick 3   2513 2545 24712.43 1.295 25 
Average      1.320  
 0.0 5.0      
Brick 1   3059 3131 20887.76 3.448 25 
Brick 2   3072 3150 21084.21 3.700 26 
Brick 3   3065 3140 20986.76 3.574 25 
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Samples Percentage of 
CBs by weight 
 
 
 
(%) 
 
Heating 
rate 
 
 
 
(°C/min) 
Dry mass        
   
 
m1 
 
(g) 
Wet mass 
 
 
m2 
 
(g) 
Gross area 
of the bed 
 
Agross 
  
(mm2) 
Initial Rate of 
Absorption 
 
IRA 
 
(kg/m2/min) 
Temperature              
 
 
 
 
(°C) 
 
Average      3.574  
 5.0 5.0      
Brick 1   2464 2547 21259.84 3.883 26 
Brick 2   2530 2615 21267.74 3.997 25 
Brick 3   2773 2862 21537.12 4.111 25 
Average      3.997  
 0.0 10.0      
Brick 1   2731 2793 20661.33 3.020 26 
Brick 2   2755 2820 20902.64 3.110 26 
Brick 3   2812 2879 21003.77 3.200 25 
Average      3.110  
 5.0 10.0      
Brick 1   2530 2615 21432.12 3.966 26 
Brick 2   2531 2615 21440.00 3.900 25 
Brick 3   2675 2764 21988.01 4.032 25 
Average      3.966  
Table G5 Initial rate of absorption test results of 0% and 5% of CB content at 2°C/min, 5°C/min and 10°C/min 
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Temperature  
 
(°C/min) 
CO 
 
(ppm) 
CO2 
 
(ppm) 
Cl2 
 
(ppm) 
HCN 
 
(ppm) 
NO 
 
(ppm) 
200 10 0.00 0.1 0.1 0.8 
250 115 30.00 0.1 0.0 1.1 
300 244 90.00 0.1 0.1 0.2 
400 37 30.00 0.0 0.0 2.2 
500 23 0.00 0.0 0.1 19.2 
600 29 0.00 0.1 0.2 49.0 
700 7 0.00 0.1 0.1 14.4 
800 0 0.00 1.6 0.8 1.5 
900 0 0.00 2.8 1.6 1.1 
1000 0 0.00 2.4 1.4 2.0 
1050 5 0.00 1.5 1.0 3.9 
Table G6 Gas emissions measured with 0% of CB content at 0.7°C/min 
 
Cumulative 
heating time 
(min) 
Cumulative 
heating time 
(hour) 
Temperature  
 
(°C/min) 
CO 
 
(ppm/kg) 
CO2 
 
(ppm/kg) 
Cl2 
 
(ppm/kg) 
HCN 
 
(ppm/kg) 
NO 
 
(ppm/kg) 
285 4.75 200 3.33 0.00 0.03 0.03 0.27 
357 5.95 250 38.33 10.00 0.03 0.00 0.37 
428 7.13 300 81.32 30.00 0.03 0.03 0.07 
571 9.52 400 12.33 10.00 0.00 0.00 0.73 
714 11.90 500 7.67 0.00 0.00 0.03 6.40 
857 14.28 600 9.67 0.00 0.03 0.07 16.33 
1000 16.67 700 2.33 0.00 0.03 0.03 4.80 
1142 19.03 800 0.00 0.00 0.53 0.27 0.50 
1285 21.42 900 0.00 0.00 0.93 0.53 0.37 
1428 23.80 1000 0.00 0.00 0.80 0.47 0.67 
1500 25.00 1050 1.67 0.00 0.50 0.33 1.30 
Table G7 Results of gas emissions divided with mass of brick (3.0005 kg) with 0% of CB content at 0.7°C/min 
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Temperature  
 
(°C/min) 
CO 
 
(ppm) 
CO2 
 
(ppm) 
Cl2 
 
(ppm) 
HCN 
 
(ppm) 
NO 
 
(ppm) 
200 12 0.00 0.0 0.0 5.5 
250 131 30.00 0.0 0.1 6.4 
300 1500 960.00 0.1 3.8 8.2 
400 436 770.00 0.1 1.0 9.9 
500 124 400.00 0.1 0.2 30.0 
600 20 220.00 0.1 0.2 35.0 
700 12 220.00 0.1 0.1 14.5 
800 8 250.00 0.1 0.1 9.5 
900 8 220.00 0.1 0.1 8.5 
1000 8 0.00 5.7 5.5 6.1 
1050 8 0.00 3.4 3.0 5.6 
Table G8 Gas emissions measured with 5% of CB content at 0.7°C/min  
 
Cumulative 
heating time 
(min) 
Cumulative 
heating time 
(hour) 
Temperature  
 
(°C/min) 
CO 
 
(ppm/kg) 
CO2 
 
(ppm/kg) 
Cl2 
 
(ppm/kg) 
HCN 
 
(ppm/kg) 
NO 
 
(ppm/kg) 
285 4.75 200 4.41 0.00 0.00 0.00 2.02 
357 5.95 250 48.15 11.03 0.00 0.04 2.35 
428 7.13 300 551.33 352.85 0.04 1.40 3.01 
571 9.52 400 160.25 283.02 0.04 0.37 3.64 
714 11.90 500 45.58 147.02 0.04 0.07 11.03 
857 14.28 600 7.35 80.86 0.04 0.07 12.86 
1000 16.67 700 4.41 80.86 0.04 0.04 5.33 
1142 19.03 800 2.94 91.89 0.04 0.04 3.49 
1285 21.42 900 2.94 80.86 0.04 0.04 3.12 
1428 23.80 1000 2.94 0.00 2.10 2.02 2.24 
1500 25.00 1050 2.94 0.00 1.25 1.10 2.06 
Table G9 Results of gas emissions divided with mass of brick (2.7207 kg) with 5% of CB content at 0.7°C/min 
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Temperature  
 
(°C/min) 
CO 
 
(ppm) 
CO2 
 
(ppm) 
Cl2 
 
(ppm) 
HCN 
 
(ppm) 
NO 
 
(ppm) 
200 4 0.00 0.0 0.0 2.5 
250 36 0.00 0.0 0.3 5.2 
300 129 70.00 0.0 0.3 1.6 
400 167 120.00 0.0 0.2 0.0 
500 51 120.00 0.0 0.5 10.8 
600 40 100.00 0.0 0.0 49.0 
700 34 100.00 2.7 0.8 62.0 
800 12 70.00 22.0 0.5 17.0 
900 4 20.00 18.4 30.0 10.0 
1000 7 0.00 1.6 20.2 7.8 
1050 8 0.00 2.1 29.7 9.9 
Table G10 Gas emissions measured with 0% of CB content at 2°C/min 
 
Cumulative 
heating time 
(min) 
Cumulative 
heating time 
(hour) 
Temperature  
 
(°C/min) 
CO 
 
(ppm/kg) 
CO2 
 
(ppm/kg) 
Cl2 
 
(ppm/kg) 
HCN 
 
(ppm/kg) 
NO 
 
(ppm/kg) 
50 0.83 200 1.34 0.00 0.00 0.00 0.83 
75 1.25 250 12.02 0.00 0.00 0.10 1.74 
100 1.67 300 43.07 23.37 0.00 0.10 0.53 
150 2.50 400 55.76 40.07 0.00 0.07 0.00 
200 3.33 500 17.03 40.07 0.00 0.17 3.59 
250 4.17 600 13.36 33.39 0.00 0.00 16.36 
300 5.00 700 11.35 33.39 0.90 0.27 20.70 
350 5.83 800 4.01 23.37 7.35 0.17 5.68 
400 6.67 900 1.34 6.68 6.14 10.02 3.34 
450 7.50 1000 2.34 0.00 0.53 6.74 2.60 
500 8.33 1050 2.67 0.00 0.70 9.92 3.31 
Table G11 Results of gas emissions divided with mass of brick (2.995 kg) with 0% of CB content at 2°C/min 
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Temperature  
 
(°C/min) 
CO 
 
(ppm) 
CO2 
 
(ppm) 
Cl2 
 
(ppm) 
HCN 
 
(ppm) 
NO 
 
(ppm) 
200 27 0.00 0.0 0.1 0.0 
250 180 120.00 0.0 0.3 4.4 
300 924 680.00 0.0 0.5 8.7 
400 1500 1970.00 0.0 14.0 13.0 
500 980 1050.00 0.0 9.0 50.9 
600 315 930.00 0.0 0.9 180.1 
700 53 900.00 0.1 1.4 132.0 
800 27 900.00 0.0 1.9 50.1 
900 17 1170.00 2.6 30.0 20.2 
1000 12 1710.00 2.3 30.0 13.7 
1050 16 1290.00 2.6 30.0 14.0 
Table G12 Gas emissions measured with 5% of CB content at 2°C/min 
 
Cumulative 
heating time 
(min) 
Cumulative 
heating time 
(hour) 
Temperature  
 
(°C/min) 
CO 
 
(ppm/kg) 
CO2 
 
(ppm/kg) 
Cl2 
 
(ppm/kg) 
HCN 
 
(ppm/kg) 
NO 
 
(ppm/kg) 
50 0.83 200 10.75 0.00 0.00 0.04 0.00 
75 1.25 250 71.66 47.77 0.00 0.12 1.75 
100 1.67 300 367.83 270.70 0.00 0.20 3.46 
150 2.50 400 597.13 784.24 0.00 5.57 5.18 
200 3.33 500 390.13 417.99 0.00 3.58 20.26 
250 4.17 600 125.40 370.22 0.00 0.36 71.70 
300 5.00 700 21.10 358.28 0.04 0.56 52.55 
350 5.83 800 10.75 358.28 0.00 0.76 19.94 
400 6.67 900 6.77 465.76 1.04 11.94 8.04 
450 7.50 1000 4.78 680.73 0.92 11.94 5.45 
500 8.33 1050 6.37 513.54 1.04 11.94 5.57 
Table G13 Results of gas emissions divided with mass of brick (2.512 kg) with 5% of CB content at 2°C/min 
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Temperature  
 
(°C/min) 
CO 
 
(ppm) 
CO2 
 
(ppm) 
Cl2 
 
(ppm) 
HCN 
 
(ppm) 
NO 
 
(ppm) 
200 1 0.00 0.0 0.0 4.5 
250 6 0.00 0.0 0.1 6.2 
300 160 0.00 0.0 0.2 13.7 
400 560 190.00 0.0 0.4 4.9 
500 464 290.00 0.0 0.4 8.0 
600 100 50.00 0.0 0.2 2.8 
700 43 190.00 0.0 4.0 64.3 
800 11 220.00 0.1 23.0 22.7 
900 17 270.00 4.8 30.0 51.0 
1000 0 70.00 4.1 30.0 14.3 
1050 3 20.00 2.8 30.0 10.0 
Table G14 Gas emissions measured with 0% of CB content at 5°C/min 
 
Cumulative 
heating time 
(min) 
Cumulative 
heating time 
(hour) 
Temperature  
 
(°C/min) 
CO 
 
(ppm/kg) 
CO2 
 
(ppm/kg) 
Cl2 
 
(ppm/kg) 
HCN 
 
(ppm/kg) 
NO 
 
(ppm/kg) 
20 0.33 200 0.33 0.00 0.00 0.00 1.47 
30 0.50 250 1.96 0.00 0.00 0.03 2.02 
40 0.67 300 52.22 0.00 0.00 0.07 4.47 
60 1.00 400 182.77 62.01 0.00 0.13 1.60 
80 1.33 500 151.44 94.65 0.00 0.13 2.61 
100 1.67 600 32.64 16.32 0.00 0.07 0.91 
120 2.00 700 14.03 62.01 0.00 1.31 20.99 
140 2.33 800 3.59 71.80 0.03 7.51 7.41 
160 2.67 900 5.55 88.12 1.57 9.79 16.64 
180 3.00 1000 0.00 22.85 1.34 9.79 4.67 
200 3.33 1050 0.98 6.53 0.91 9.79 3.26 
Table G15 Results of gas emissions divided with mass of brick (3.064 kg) with 0% of CB content at 5°C/min 
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Temperature  
 
(°C/min) 
CO 
 
(ppm) 
CO2 
 
(ppm) 
Cl2 
 
(ppm) 
HCN 
 
(ppm) 
NO 
 
(ppm) 
200 15 0.00 0.0 0.1 7.0 
250 63 20.00 0.0 0.2 6.3 
300 300 100.00 0.0 0.5 16.8 
400 1500 1120.00 0.0 2.2 18.4 
500 1500 2950.00 0.0 9.4 13.2 
600 1500 4120.00 0.0 12.4 160.1 
700 106 2120.00 0.0 0.4 177.0 
800 83 1710.00 0.1 13.0 136.0 
900 83 2800.00 4.3 30.0 144.1 
1000 48 2310.00 3.8 30.0 19.0 
1050 41 2270.00 3.1 30.0 13.4 
Table G16 Gas emissions measured with 5% of CB content at 5°C/min 
 
Cumulative 
heating time 
(min) 
Cumulative 
heating time 
(hour) 
Temperature  
 
(°C/min) 
CO 
 
(ppm/kg) 
CO2 
 
(ppm/kg) 
Cl2 
 
(ppm/kg) 
HCN 
 
(ppm/kg) 
NO 
 
(ppm/kg) 
20 0.33 200 5.91 0.00 0.00 0.04 2.76 
30 0.50 250 24.84 7.89 0.00 0.08 2.48 
40 0.67 300 118.30 39.43 0.00 0.20 6.62 
60 1.00 400 591.48 441.64 0.00 0.87 7.26 
80 1.33 500 591.48 1163.25 0.00 3.71 5.21 
100 1.67 600 591.48 1624.61 0.00 4.89 63.13 
120 2.00 700 41.80 835.96 0.00 0.16 69.79 
140 2.33 800 32.73 674.29 0.04 5.13 53.63 
160 2.67 900 32.73 1104.10 1.70 11.83 56.82 
180 3.00 1000 18.93 910.88 1.50 11.83 7.49 
200 3.33 1050 16.17 895.11 1.22 11.83 5.28 
Table G17 Results of gas emissions divided with mass of brick (2.536 kg) with 5% of CB content at 5°C/min 
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Temperature  
 
(°C/min) 
CO 
 
(ppm) 
CO2 
 
(ppm) 
Cl2 
 
(ppm) 
HCN 
 
(ppm) 
NO 
 
(ppm) 
200 28 0.00 0.0 0.1 0.2 
250 41 0.00 0.0 0.1 1.9 
300 181 0.00 0.0 0.2 19.6 
400 580 190.00 0.0 0.7 10.3 
500 589 410.00 0.0 0.7 38.3 
600 106 440.00 0.0 1.0 137.9 
700 71 240.00 0.1 3.8 130.1 
800 22 240.00 2.6 30.0 33.7 
900 23 220.00 4.8 30.0 45.4 
1000 7 50.00 1.2 21.3 10.0 
1050 7 0.00 1.1 15.9 7.8 
Table G18 Gas emissions measured with 0% of CB content at 10°C/min 
 
Cumulative 
heating time 
(min) 
Cumulative 
heating time 
(hour) 
Temperature  
 
(°C/min) 
CO 
 
(ppm/kg) 
CO2 
 
(ppm/kg) 
Cl2 
 
(ppm/kg) 
HCN 
 
(ppm/kg) 
NO 
 
(ppm/kg) 
10 0.17 200 8.49 0.00 0.00 0.03 0.06 
15 0.25 250 12.43 0.00 0.00 0.03 0.58 
20 0.33 300 54.87 0.00 0.00 0.06 5.94 
30 0.50 400 175.81 57.59 0.00 0.21 3.12 
40 0.67 500 178.54 124.28 0.00 0.21 11.61 
50 0.83 600 32.13 133.37 0.00 0.30 41.80 
60 1.00 700 21.52 72.75 0.03 1.15 39.44 
70 1.17 800 6.67 72.75 0.79 9.09 10.22 
80 1.33 900 6.97 66.69 1.45 9.09 13.76 
90 1.50 1000 2.12 15.16 0.36 6.46 3.03 
100 1.67 1050 2.12 0.00 0.33 4.82 2.36 
Table G19 Results of gas emissions divided with mass of brick (3.299 kg) with 0% of CB content at 10°C/min 
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Temperature  
 
(°C/min) 
CO 
 
(ppm) 
CO2 
 
(ppm) 
Cl2 
 
(ppm) 
HCN 
 
(ppm) 
NO 
 
(ppm) 
200 20 0.00 0.0 0.1 0.1 
250 61 50.00 0.0 0.4 1.0 
300 150 100.00 0.0 0.3 4.5 
400 1142 440.00 0.0 0.2 5.7 
500 1500 4700.00 0.0 24.8 21.4 
600 1500 5000.00 0.1 30.0 179.0 
700 132 5000.00 0.1 22.6 136.0 
800 77 3140.00 1.1 22.1 125.2 
900 44 3530.00 2.7 30.0 80.2 
1000 25 3090.00 1.2 30.0 20.7 
1050 23 2700.00 1.1 26.2 11.3 
Table G20 Gas emissions measured with 5% of CB content at 10°C/min 
 
Cumulative 
heating time 
(min) 
Cumulative 
heating time 
(hour) 
Temperature  
 
(°C/min) 
CO 
 
(ppm/kg) 
CO2 
 
(ppm/kg) 
Cl2 
 
(ppm/kg) 
HCN 
 
(ppm/kg) 
NO 
 
(ppm/kg) 
10 0.17 200 7.97 0.00 0.00 0.04 0.04 
15 0.25 250 24.30 19.92 0.00 0.16 0.40 
20 0.33 300 59.76 39.84 0.00 0.12 1.79 
30 0.50 400 454.98 175.30 0.00 0.08 2.27 
40 0.67 500 597.61 1872.51 0.00 9.88 8.53 
50 0.83 600 597.61 1992.03 0.04 11.95 71.31 
60 1.00 700 52.59 1992.03 0.04 9.00 54.18 
70 1.17 800 30.68 1251.00 0.44 8.80 49.88 
80 1.33 900 17.53 1406.37 1.08 11.95 31.95 
90 1.50 1000 9.96 1231.08 0.48 11.95 8.25 
100 1.67 1050 9.16 1075.70 0.44 10.44 4.50 
Table G21 Results of gas emissions divided with mass of brick (2.510 kg) with 5% of CB content at 10°C/min 
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ABSTRACT 
 
Several trillion cigarettes are produced worldwide annually, resulting in tonnes of cigarette 
butt (CB) waste. CBs accumulate in the environment due to the poor biodegradability of the 
cellulose acetate filters. This paper presents some results from a study on recycling CBs 
into fired clay bricks. Five different soil-CB mixes with different percentages of CBs were 
used. Physico-mechanical properties of manufactured bricks including compressive 
strength, flexural strength, density, water absorption and thermal conductivity are 
discussed. The results show that the density of fired bricks was reduced significantly, by up 
to 30%, depending on the percentage of CBs incorporated into the raw materials. Similarly, 
the compressive strength of bricks decreased according to the percentage of CBs included 
in the mix, and the estimated values of thermal conductivity were also reduced 
significantly. The results also show that the mixing time has a considerable effect on the 
properties of fired clay bricks tested. Furthermore, the leachate test results revealed only 
trace amounts of heavy metals. It is concluded that, firstly, CBs can be regarded as a 
potential addition to raw materials used in the manufacturing of light-weight fired bricks 
and, secondly, recycling CBs in bricks is a very practical and potentially significant 
contribution to a sustainable solution to one of the serious environmental pollution 
problems in the world. 
 
No of words : 214 words 
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I. INTRODUCTION 
 
Cigarette butts (CBs) are among the most common type of litter in the world.  In 2004, over 
5.5 trillion cigarettes were produced worldwide (USDA, 2004) equivalent to an estimated 
1.2 million tonnes of cigarette butt waste per year. These figures are expected to increase 
by more than 50% by 2025, mainly due to an increase in world population (Mackay et al., 
2000). In Australia alone, an estimated 25 to 30 billion filtered cigarettes (Micevska, 2006) 
are smoked each year; of these, an estimated 7 billion are littered (Butt Littering Trust, 
2007).  
 
Most cigarette filters are made of cellulose acetate. Cellulose acetate filters are slow to 
biodegrade and can take up to 18 months or more to break down under normal litter 
conditions (Ach, 1993, Brodof, 1996). Cigarette filters have long term effects on the urban 
environment, especially in waterways and run-offs (Novotny and Zhao 1998). Toxic 
chemicals trapped in the CBs can be leached and so cause serious damage to the 
environment (Hoffmann and Hoffmann, 1997, Li et al., 2002, Register, 2000). There are up 
to 4000 chemical components in cigarette smoke, of which 3000 are in the gas phase and 
1000 in the tar phase. Polycyclic aromatic hydrocarbons (PAHs), N-nitrosamines, aromatic 
amines, formaldehyde, acetaldehyde, benzene, and toxic metals such as cadmium and 
nickel combine to form more than 60 chemicals that are known to be carcinogenic 
(Hoffmann and Hoffmann, 1997, Li et al., 2002. Hoffmann et al., 2001, Hecht, 2003).  
 
Landfilling and incineration of CB waste are not universally sustainable nor economically 
feasible disposal methods. Even when correctly binned and sent to landfill far from natural 
waterways, CBs remain an environmental hazard (Ruan et al., 2005, Yuan et al., 2006). 
Also, landfilling of waste with high organic content and toxic substances is becoming 
increasingly costly and difficult. Incineration of CBs is also a seemingly unsustainable 
solution as emissions from the burning waste contain various hazardous substances 
(Narayan, 2008, Knox, 2005). Recycling CBs is difficult because there are no easy 
mechanisms or procedures to assure efficient and economical separation of the butts and 
 4 
appropriate treatment of the entrapped chemicals. An alternative could be to incorporate 
CBs in a building material such as fired bricks. (Abdul Kadir and Mohajerani, 2008). 
 
Brick is one of the most common masonry units as a building material due to its properties. 
Clay soils used in manufacturing fired bricks are generally very diverse with naturally 
variable characteristics (Dondi et al., 1997). Attempts have been made to incorporate waste 
in the production of bricks, for example, paper (Sutcu and Akkurt 2009), sawdust (Demir, 
2008), processed waste tea (Demir, 2006), fly ash (Kayali, 2005), (Lin, 2006), polystyrene 
(Veiseh and Yousefi, 2003) and sludge (Basegio et al., 2003). Recycling of such wastes by 
incorporating them into fired bricks is a practical solution to a pollution problem. The 
utilisation of wastes in clay bricks usually has a positive effect on the properties, however a 
decrease in performance in certain aspects has also been observed. Positive effects like 
lightweight bricks with improved shrinkage, porosity, thermal properties and strength can 
be obtained with the recycled wastes (Dondi et al., 1997, Demir, 2006, Demir, 2008, Sutcu 
and Akkurt 2009). Moreover, lower energy consumption during firing through the 
contribution of the high calorific value provided by many types of waste has also been 
achieved. Also the high temperature in the firing process allows volatilization of dangerous 
components, changes the chemical characteristics of the materials and also eliminates the 
toxic components through fixation process (Vieira et al., 2006). Incorporating CBs in fired 
bricks could provide a sustainable method to immobilise the toxic chemicals that pose a 
very high risk towards the environment.  
 
This paper presents and discusses some of the results from a continuing study on recycling 
CBs into fired clay bricks. The physical and mechanical properties of several brick samples 
with different CB contents, manufactured with various initial mixing times of the raw 
material, are presented and discussed. 
 
2. MATERIALS AND METHODS 
 
The CBs (of different brands and sizes) used in this study (Figure 1) were provided by 
Buttout Australia Pty Ltd. The butts had been collected from dry receptacles. Upon 
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delivery, the CBs were disinfected by heat at 105oC for 24 hours and then stored in sealed 
plastic bags. The soil used was brown silty clayey sand prepared for making fired clay 
bricks and provided by Boral Bricks Pty Ltd, Australia.  The classification tests including 
liquid limit, plastic limit, plasticity index and particle size distribution were carried out 
according to Australian Standard (AS 1289.3.6.1, 1995) (Table 1). Chemical analyses were 
carried out, using X-ray Fluorescence (XRF), to determine the main chemical components 
of the experimental soil (Table 2).  
 
 
Figure 1 Cigarette butts used in the study 
Proctor standard compaction tests were conducted; according to Australian Standard 
(AS/NZS 1289.5.1.1, 2003) to determine optimum moisture contents (OMC) and maximum 
dry densities for the experimental soil (control sample) and the mixed soil-CBs samples.  
 
 
 
 
 
 
 
 
Table 1 Properties of the soil used in making fired bricks 
Soil Physical  Properties Test Results 
Particles < 75 µm (%) 29 
Liquid Limit (%) 31 
Plastic Limit (%) 21 
Plasticity index (%) 10 
Maximum Dry Density (kg/m3) 1807 
Optimum moisture content (%) 17 
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Table 2 Chemical composition of the soil used in making fired bricks 
 
2.1 Stage One  
In the first stage of the investigation, four different mixes were used for making fired brick 
samples (Table 3). The CB content by volume depends on degree of disintegration of CBs 
during the mixing and compaction of samples. These values were estimated using the 
density of compacted mixes and the density of the compacted CBs alone in the compaction 
mould.  
  
Mixture 
identification 
Percentage of CBs by 
weight 
 
(%) 
Estimated percentage of CBs by 
volume 
(as compacted) 
(%) 
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
0 
2.5 
5.0 
10.0 
0 
10 
20 
30 
 
Table 3 Mixes used in this study 
Compound Formula Atomic 
Weight 
Average composition  
(Wt. %) 
SiO2 14 58.73 
Al2O3 13 18.75 
Fe2O3 26 5.032 
K2O 19 3.446 
MgO 12 1.639 
TiO2 22 0.5079 
Na2O 11 0.204 
CaO 20 0.189 
         Loss on Ignition  9.60% 
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The mixes were made using a Hobart mechanical mixer with a 10 litre capacity for 5 
minutes. In order to achieve uniform distribution of CBs, they were initially mixed with dry 
soil in the mixer and then water was added gradually to the mix. Potable water was used for 
the OMCs in order to make high density brick samples. The samples were compacted by 
hand in appropriate moulds using predetermined masses corresponding to the maximum 
density (found from standard compaction tests). The samples were made in three sizes 
(Figure 2), cube (100 x 100 x 100 mm), beam (300 x 100 x 50 mm) and brick (225 x 110 x 
75 mm), according Australian/New Zealand Standard (AS/NZS 4456.1, 2003), for 
determining compressive strength, modulus of rupture, rate of water absorption, total water 
absorption (AS/NZS 4456.0, 2003). and the density of the manufactured bricks. The 
specimens were dried at 105oC for 24 hours, removed from the moulds and were fired in a 
(Barnstead/Thermolyne 30400) furnace at 1050oC. The results reported are the mean of 
three values.  
 
 
Figure 2 Compacted bricks, beams and cubes (soil-CBs mix) 
 
2.2 Stage Two 
In this stage, the effect of mixing time on physical and mechanical properties was 
investigated. Brick samples were made with 7.5% by weight (about 25% by volume) CBs 
content employing the same mixer used in Stage One and with 5, 10 and 15 minutes mixing 
times.  Cube (100 x 100 x 100 mm), brick (225 x 110 x 75 mm) and beam (300 x 100 x 50 
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mm) samples were made and tested using similar methods used in Stage One.  
 
2.3 Leachate Analysis 
It is known that heavy metals such as arsenic, chromium, nickel and cadmium can be 
trapped in the filters of cigarette butts (Kazi et al., 2009, Chiba and Masironi, 1992, IARC, 
1987). Hence, leaching tests were carried out to investigate the levels of possible leachates 
of heavy metals from the manufactured clay-CB bricks. Experimental bricks were crushed 
and representative samples finer than 9.5 mm were prepared for analysis using the Toxicity 
Characteristics Leaching Procedure (TCLP) (USEPA, Method 1311, 1982) Also, leaching 
tests were carried out on whole solid brick samples (Figure 3) to investigate the long-term 
leachate characteristics of bricks. This method was a modification of the static leachate test 
(SLT) ANSI/ANS-16.1, 2003) that is generally used to investigate the mechanism of 
leaching from solidified waste forms (Dutre and Vandecasteele., 1995, Singh and Pant, 
2006). In the SLT method, the leachant (5.7 mL of glacial acetic acid per litre) was not 
renewed by a fresh solution in order to produce the maximum leachate concentrations, and 
leachates were collected over long durations of 25, 41, 71 and 134 days. Triplicate samples 
from all the leachates were used and analysed for heavy metals using Inductive Coupled 
Plasma Mass Spectrophotometer (ICPMS).   
 
 
 
 
 
 
 
 
Figure 3 Experimental set up for static leachate test 
 
 
 
 
Support 
Plastic 
Clay-CB 
Leaching 
fluid 
 9 
3. RESULTS  
 
3.1 Stage One 
Results from the first stage of the investigation (Table 4) show that the dry density of the 
manufactured bricks decreased from 2118 kg/m3 for the control samples (0% CBs) to 1482 
kg/m3 for bricks with 10% CB content. The density of bricks decreased by 8.3%, 23.9% and 
30% when 2.5%, 5% and 10% CBs was incorporated into the raw materials (Figure 4). The 
bricks became more porous as CB content increased (Figure 5). The results also reveal that 
the CBs could effectively be used as a pore forming material in brick manufacturing. Low-
density or light-weight bricks have great advantages in construction including, for example, 
lower structural dead load, easier handling, lower transport costs, lower thermal 
conductivity, and a higher number of bricks produced per tonne of raw materials. Light 
bricks can be substituted for standard bricks in most applications except when bricks of 
higher strength are needed or when a particular look or finish is desirable for architectural 
reasons. The light-weight bricks produced by incorporating 2.5% to 10% CBs by mass, 
equivalent to approximately 10 to 30% by volume can be used in different applications 
according to the required strength.  
Table 4 Experimental results for the control mix and other trial mixes containing CBs 
Mixture 
identification 
(%) 
Compressive 
strength 
(MPa) 
Water 
absorption 
(%) 
Modulus of 
Rupture 
(MPa) 
Initial Rate of 
Absorption (IRA) 
(kg/m2/min) 
Average 
density 
(kg/m3) 
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
25.65 MPa 
12.57 MPa 
5.22 MPa 
2.99 MPa 
5% 
9% 
15% 
18% 
2.79 MPa 
2.48 MPa 
2.40 MPa 
1.24 MPa 
0.2  kg/m2/min 
1.4  kg/m2/min 
2.3 kg/m2/min 
4.9 kg/m2/min   
2118  kg/m3   
1941  kg/m3   
1611 kg/m3   
1482 kg/m3 
 10 
1000
1500
2000
2500
0.0 2.5 5.0 7.5 10.0 12.5
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D
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Figure 4 Effect of CB content on density of fired bricks 
 
 
(a) 
 
   
 
 
 
 
 
(b) 
Figure 5 (a) Cross sections and (b) surface texture of bricks for mixes with 0%, 2.5%, 5% 
and 10% CBs 
  0 %  5.0 %  10.0 % 
 2.5% 
Dd = -65.14CBs + 2073 
R2 = 0.90 
  0 %  5.0 %  10.0 % 
 2.5% 
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The compressive strength of bricks tested in this stage was reduced markedly from 25.65 
MPa (for 0% CBs) to 12.57, 5.22 and 3.00 MPa for 2.5, 5.0 and 10% CB content 
respectively (Figure 6). The reduction of strength was mainly due to the increase in 
porosity and consequently the decrease in density, as shown in Figure 7. Compressive 
strength is important for determining the load bearing capacity of the brick. Common 
minimum values recommended for characteristic compressive strength for non-load-
bearing and load-bearing fired clay bricks are 3 to 5 MPa and 5 to 10 MPa respectively. 
(AS/NZS 4455.1, 2008, Electronic Blueprint, 2009 and Arnold et al., 2004). Modulus of 
rupture (flexural strength) values decreased from 2.48 to 1.24 MPa when 2.5 - 10% CBs 
was incorporated into the raw materials. The Australian Standard (AS/NZS 3700, 2001) 
recommendation for flexural strength of bricks is 1 to 2 MPa.  
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Figure 6 Effect of CB content on compressive strength of fired bricks 
  
C = -2.12CBs + 20.86 
R2 = 0.78 
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Figure 7 Relationship between compressive strength and dry density of bricks 
 
Water absorption and initial rate of absorption (IRA) increased with increase in CB content.  
The highest value of water absorption measured (18%) occurred for 10% CBs. This falls 
within the range of the Australian Standard (AS/NZS 3700, 2001) of 5 to 20%. The range 
of IRA values was found to be between 1.3 and 5.7 kg/m2/min for bricks made with 2.5 to 
10% CB content.  According to the Australian Standard (AS/NZS 3700, 2001) IRA should 
be between 0.2 to 5 kg/m2/min. The IRA and the total water absorption capacity determine 
the ability and the potential performance of the brick in laying and durability. Unacceptably 
high values of IRA and water absorption can lead to volume changes that would result in 
cracking of the bricks or structural damage in building.   
 
The average linear shrinkage of brick samples during drying time was 1.62%, 1.76%, 
2.13% and 2.29% for 0%, 2.5%, 5% and 10% CB content respectively. The corresponding 
values of firing shrinkage were 4.82%, 5.02%, 5.10% and 5.38%. It can be seen that the 
addition of CBs to the experimental soil used in this study has not increased the shrinkage 
values excessively. These values depend on the type of clay minerals in the soil and the 
clay proportion in the mix.  
 
 
 
C = 7E-05Dd 2 – 0.207Dd + 164.28  
               R2 = 0.99 
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3.2 Stage Two 
Results for this stage of the investigation are presented in Table 5 and shown in Figures 8, 9 
and 10, illustrating the variation in physical and mechanical properties of brick samples, 
made by incorporating 7.5% CBs, with different mixing time. It can be seen that the 
compressive strength varied linearly from 2.97 MPa to 6.36 MPa when mixing time was 
increased from 5 minutes to 15 minutes, and similarly, the density increased from 1591 
kg/m3 to 1789 kg/m3. These increases in compressive strength and density, equivalent to 
about 53% and 11% respectively, as well as a reduction of about 4% in water absorption, 
demonstrates the significant effect of mixing method on the mechanical properties of these 
type of materials.   
 
Table 5 Experimental results for different mixing times 
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Figure 8 Effect of mixing time on compressive strength of 7.5% clay-CB brick 
 
Mixture 
identification 
(%) 
Compressive 
strength 
(MPa) 
Water 
absorption 
(%) 
Initial Rate of 
Absorption (IRA) 
(kg/m2/min) 
Average 
density 
(kg/m3) 
CB (7.5) 15 minutes 
CB (7.5) 10 minutes 
CB (7.5) 5 minutes 
6.36 MPa 
4.25 MPa 
2.97 MPa 
14% 
14% 
18% 
3.9 kg/m2/min   
3.5  kg/m2/min   
4.1 kg/m2/min 
   1789 kg/m3 
   1756 kg/m3 
   1591 kg/m3 
C = 0.34Tmix + 1.14 
R2 = 0.98 
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Figure 9 Effect of mixing time on density of 7.5% clay-CB brick 
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Figure 10 Effect of mixing time on water absorption of 7.5% clay-CB brick 
 
Figure 11 shows the effect of mixing time on the texture of the sections of the bricks tested. 
It can be seen that as the mixing time increases, the pores become smaller and more 
homogeneous. This is mainly due to the increase in the degree of disintegration of fibres 
and the more uniform distribution of smaller pieces of CB fibres in the mix. This can also 
be seen in the electron micrograph images presented in Figure 12. These micrographs were 
produced from Environmental Scanning Electron Microscope (ESEM) analysis with 50X 
magnification. In Figure 12(a), for 5 minutes mixing time, the fibres from CBs are visible. 
Figures 12(b and c) show that as the mixing time increases, the size of the micro-pores 
decreases but the number of pores increases, and surface texture of the brick improves and 
becomes similar to that with no CBs (Figure 12(d)).    
Dd = 19.08Tmix + 1514 
R2 = 0.87 
Wa = -0.44Tmix + 19.55 
R2 = 0.79 
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(a)       (b)      (c) 
Figure 11 Cross section of brick samples with 7.5% of CB and (a) 5 minutes mixing time (b) 10 minutes mixing time (c) 15 minutes 
mixing time 
    
(a)    (b)     (c)     (d) 
Figure 12 Electron micrographs at 50X magnification of brick samples with 7.5% CBs and: (a) with 5 minutes mixing time (b) with 10 
minutes mixing time (c) 15 minutes mixing time and (d) 0% CB content at 5 minutes mixing time  
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3.3 Leachate Analysis 
Leachate results determined using TCLP and SLT (Table 6) methods were insignificant 
and comply with the concentration limits for heavy metals set by USEPA (1996) and 
EPAV (2005) (USEPA, 1996, EPAV, 2005). However, due to the difference in the type 
of samples used, the TCLP tests (using crushed samples) produced slightly higher 
values than the SLT (solid samples) tests, for most cases, even though SLT 
measurements were made after 134 days.  
 
TCLP SLT 
0% 2.5% 5% 10% 0% 2.5% 5% 10% Heavy metals 
Concentration 
Limit 
(mg/L)* 
Concentration 
Limit 
(mg/L)** Concentration (mg/L) 
Arsenic (As) 5 2.8 0.025 0.012 0.045 0.035 0.011 0.055 0.215 0.190 
Selenium (Se) 1 4 - - - - - - - - 
Mercury (Hg) 0.2 0.4 - - - - - - - - 
Barium (Ba) 100 280 0.270 0.280 0.295 0.275 0.245 0.285 0.525 0.380 
Cadmium (Cd) 1 0.8 - - - - - - - - 
Chromium (Cr) 5 20 0.007 0.003 0.006 0.008 0.005 0.006 0.010 0.010 
Lead (Pb) 5 4 1.941 0.044 0.037 0.032 0.008 0.004 0.005 0.03 
Silver (Ag) 5 40 - - - - - - - - 
Zinc (Zn) 500 1200 0.255 0.115 0.670 1.145 0.310 0.135 0.225 0.425 
Copper (Cu) 100 800 0.190 0.295 0.210 0.155 0.069 0.074 0.082 0.090 
Nickel (Ni) 1.34 8 0.004 0.002 0.004 0.003 0.005 0.006 0.007 0.010 
* United States Environmental Protection Agency (USEPA) (1996) 
** Environmental Protection Agency (EPA) Victoria (2005) 
  - not detected  
Table 6 Concentrations of heavy metals using TCLP and SLT after 134 days 
 
3.4 Thermal Conductivity 
Thermal conductivity performance is an important criterion of building materials, as the 
thermal conductivity influences the usage of the material in engineering applications. 
The thermal conductivity of a brick is the rate at which a brick conducts heat. Heat 
losses from buildings are dependent on the thermal conductivity of the materials in the 
walls and roof (Clews, 1969, Turgut, and Yesilata, 2008). Building bricks have to 
minimize the heat flow from one side of the brick to the other side (Soylemez, 1999).  
The thermal conductivity of bricks and other masonry materials depends on the density 
and therefore porosity of the material. In this study, the relationship between thermal 
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conductivity and dry density was investigated by examining and analysing the 
experimental results from several other studies (Dondi, et al., 2004, Demirbas, 2004, 
Blanco, et al., 2000, Glenn et al., 1998, CCANZ, 1980, Arnold, 1969 and Ball, 1968). A 
model (Equation 1) was developed using 256 test results found for different types of 
bricks, concrete and aggregates.  This equation, plotted in Figure 13, gave the highest R2 
(coefficient of determination) value of 0.885 in a regression analysis.  
 
  T = 0.0559e(0.0014Dd)                   (1) 
Where   T  =  thermal conductivity (Wm-1K-1) 
             Dd =  dry density (kg/m3) 
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Figure 13 Thermal conductivity vs. dry density of some different types of concrete, 
bricks and other masonry materials (developed using test results from Refs 45 
to 51) 
 
This relationship was used to estimate the thermal conductivity of the experimental 
bricks in this study (Table 7, Figure 14).  It can be seen that as the percentage of CBs 
increases, the dry density and therefore thermal conductivity of bricks decreases. For 
example, addition of 5% and 10% CBs reduce thermal conductivity by approximately 
51% and 58% respectively, which are very significant amounts in terms of energy 
saving.   
 
 T = 0.0559e(0.0014Dd)        
R2 = 0.8847                                                                                                      
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Table 7 Calculated values of thermal conductivity of clay bricks manufactured with 
different % of CBs and mixing times 
 
Mixing times also affect thermal conductivity performance. Results presented in Table 7 
and illustrated in Figure 13 show that the thermal conductivity values increased steadily 
as the mixing times increased. This is due to the increase in the dry density and 
therefore reduction of the porosity of the samples with higher mixing times.  
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Figure 14 Thermal conductivity, density and CB content relationships 
 
Adding CBs to the soil for manufacturing clay bricks assists firing due to its cellulose 
acetate content. This positive contribution to the heat input of the furnace during brick 
Mixture Identification 
CBs content / Mixing time 
(%) / (minutes) 
Density  
 
(kg/m3) 
Thermal 
conductivity  
(Wm-1K-1) 
Reduction of thermal 
conductivity 
(%) 
CB (0.0)   / (5 minutes) 
CB (2.5)   / (5 minutes) 
CB (5.0)   / (5 minutes) 
CB (10.0) / (5 minutes) 
CB (7.5)   / (5 minutes) 
CB (7.5)   / (10  minutes) 
CB (7.5)   / (15 minutes) 
2118.00 
1941.00 
1611.00 
1482.00 
1591.47 
1756.00 
1789.00 
1.08 
0.85 
0.53 
0.45 
0.52 
0.65 
0.68 
0 
21 
51 
58 
52 
40 
37 
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firing reduces the amount of energy required. It has been reported that five to six 
percent by weight of dispersed organic matter in Lower Oxford Clay saves two thirds 
of the energy required during firing (Jackson and Dhir, 1997). 
 
4. CONCLUSIONS 
The possibility of incorporating cigarette butts (CBs) into fired clay bricks was 
investigated.  In the first stage of the study, four different clay-CB mixes, using 5 
minutes mixing time and 0, 2.5, 5.0 and 10.0% by weight CBs, corresponding to 
about 0, 10, 20 and 30% by volume, were used for making fired brick samples. In the 
second stage of the investigation, the effect of mixing time on properties of the bricks, 
with 7.5% CB content, was investigated.  
 
The density of fired bricks decreased by 8.3 - 30% when 2.5 - 10% CBs was 
incorporated into the raw materials.  The compressive strength of bricks was reduced 
from 25.65 MPa (control) to 12.57, 5.22 and 3.00 MPa for 2.5, 5.0 and 10% CB 
content respectively. Lateral modulus of rupture test results did not decrease 
significantly with the incorporation of CBs up to 5% CBs. The lowest value of 
flexural strength found was 1.24 MPa and the highest value of water absorption 
measured was 18%. Drying and firing shrinkage results did not increase excessively 
for the samples with CBs. Thermal conductivity of the experimental bricks was 
estimated to be reduced by 21, 51 and 58% for CB contents of 2.5, 5.0 and 10% 
respectively. The effect of mixing time on all properties measured was found to be 
significant. Environmental Scanning Electron Microscope analysis of brick samples 
showed that the apparent size of pores was reduced significantly and the distribution 
of pores became more uniform as the mixing time increased from 5 to 15 minutes. 
Leaching tests were carried out to investigate the levels of possible leachates of heavy 
metals from the manufactured clay-CB bricks.  Leachates were produced using the 
Toxicity Characteristics Leaching Procedure and the Static Leachate Test. All heavy 
metal concentrations measured were insignificant and much lower than the acceptable 
regulatory limits.  
 
The results found in this preliminary investigation on recycling CBs in clay bricks are 
very encouraging. It can be concluded that this recycling approach could have two 
main benefits. Firstly a potential new construction material: Results indicate that CBs 
 20 
can be regarded as a potential addition to raw materials used in the manufacturing of 
light-weight fired bricks for non-load-bearing as well as load-bearing applications, 
providing the mix is appropriately designed and prepared for the required properties. 
Second, considering the huge volume of CBs produced annually worldwide, and the 
number of bricks manufactured worldwide every year, utilising recycled CBs in 
bricks could contribute significantly to the solution of one of the serious 
environmental pollution problems in the world. 
 
More extensive experimental work is recommended, using different types of clay soils, 
to develop a broader understanding of the influencing factors that could improve the 
short- and long-term properties of manufactured clay-CB bricks. Further research 
should also focus on the use of potential cost-effective additives/waste such as fly ash 
for improving the performance, for example strength, of the manufactured clay-CB 
bricks. 
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Notations: 
 
C  compressive strength (MPa) 
CBs  Cigarette butts 
Dd  Dry density (kg/m3) 
ESEM  Environmental Scanning Electron Microscope 
IRA  Initial rate of absorption (kg/m2/min) 
OMC  optimum moisture content (%) 
R2  coefficient of determination 
SLT  Static Leaching Test 
T  Thermal conductivity (Wm-1K-1) 
TCLP   Toxicity Characteristics Leaching Procedure 
Tmix  Mixing time (mins) 
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Abstract—Over a million tonnes of cigarette butts (CBs) are 
produced worldwide annually. These CBs accumulate in the 
environment due to the poor biodegradability of the cellulose acetate 
filters and pose a serious environmental risk. This paper presents 
some of the results from a continuing study on recycling CBs into 
fired clay bricks. Properties including compressive strength, flexural 
strength, density, water absorption and thermal conductivity of fired 
clay bricks are reported and discussed. Furthermore, leaching of 
heavy metals from the manufactured clay bricks was tested. The 
results show that the density of fired bricks was reduced by about 8 – 
30 %, depending on the percentage of CBs incorporated into the raw 
materials. The compressive strength of bricks tested was 12.57, 5.22 
and 3.00 MPa for 2.5, 5.0 and 10 % CB content respectively. Water 
absorption and initial rate of absorption values increased as density, 
and hence porosity, of bricks decreased with increasing CB volume. 
The leaching test results revealed trace amounts of heavy metals. 
 
Keywords—Cigarette butts, Fired clay bricks, Light bricks, 
Recycling waste, Thermal conductivity.  
I. INTRODUCTION 
ORLDWIDE, cigarette butts (CBs) are the most 
common type of litter. The United States Department of 
Agriculture estimates that in 2004 over 5.5 trillion cigarettes 
were produced in the world [1]. This is equivalent to an 
estimated 1.2 million tonnes of cigarette butt waste per year.  
These figures are expected to increase by more than 50% by 
2025, mainly due to an increase in world population [2]. In 
Australia alone, an estimated 25 to 30 billion filtered 
cigarettes [3] are smoked each year; of these, an estimated 7 
billion are littered [4].  
CBs accumulate in the environment mainly due to the poor 
biodegradability of the cellulose acetate filters. CB filters 
release a range of toxic chemicals as they deteriorate [5], [6]. 
CBs are carried by stormwater into watercourses and 
ultimately the ocean where the chemicals they contain pose a 
risk to the organisms of both freshwater and marine 
environments [3], [7]. 
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Landfilling and incineration of CB waste are not, 
universally, environmentally sustainable nor economically 
feasible disposal methods. Even when correctly binned and 
sent to landfill far from natural waterways, CBs remain an 
environmental hazard [8]. Also, landfilling of waste with high 
organic content and toxic substances is in general becoming 
increasingly costly and difficult [9]-[11]. Incineration of CBs 
is also a seemingly unsustainable solution as emissions from 
the burning waste contain various hazardous substances [12]. 
Recycling CBs is problematic because there are no easy 
mechanisms or procedures to assure efficient and economical 
separation and recycling of the entrapped chemicals. An 
alternative could be to incorporate CBs in a sustainable 
composite building material such as fired bricks.  
Brick is one of the most accommodating masonry units as a 
building material due to its properties. Attempts have been 
made to incorporate waste in the production of bricks; for 
instance, the use of rubber [13], limestone dust and wood 
sawdust [14], processed waste tea [15], fly ash [16], [17], 
polystyrene [18] and sludge [19]. Recycling of such wastes by 
incorporating them into building materials is a practical 
solution to the pollution problem. In addition, adding 
carbonaceous industrial wastes has also been demonstrated to 
be an efficient and environmentally advantageous way of 
reducing fuel use for brick-making. This paper describes some 
of the procedures and results from a study on incorporating 
CBs into fired clay bricks. Physical and mechanical properties 
of several brick samples with different CB contents are 
presented and discussed. 
II. MATERIALS AND METHODS 
The CBs (of different brands and sizes) used in this study 
(Fig. 1) were provided by Buttout Australia Pty Ltd. The butts 
had been collected from dry receptacles. Upon delivery, the 
CBs were disinfected at 105oC for 24 hours and then stored in 
sealed plastic bags. The soil used was brown silty clayey sand 
prepared for making fired clay and provided by Boral Bricks 
Pty Ltd, Australia. The classification tests including liquid 
limit, plastic limit, plasticity index and particle size 
distribution were carried out according to Australian Standard 
[20]. Chemical analyses were carried out to determine the 
main chemical components of the experimental soil. Chemical 
composition of the raw clay samples was determined using X-
ray Fluorescence (XRF).  
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Fig. 1 Cigarette butts used in the study 
 
Proctor standard compaction tests were conducted, 
according to Australian Standard [21], to determine optimum 
moisture contents (OMC) and maximum dry densities for the 
experimental soil (control sample) and the mixed soil-CBs 
samples.  
Four different mixes were used for making fired brick 
samples (Table I). The CB content by volume depends on 
degree of disintegration of CBs during the mixing and 
compaction of samples. These values were estimated using the 
density of compacted mixes and the density of the compacted 
CBs alone in the compaction mould.  
 
TABLE I 
MIXES USED IN THIS STUDY 
Mixture 
identification 
Percentage of CBs by weight 
 
 
 
(%) 
Estimated 
percentage of CBs 
by volume 
(as compacted) 
(%) 
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
0 
2.5 
5.0 
10.0 
0 
10 
20 
30 
 
The mixes were made using a Hobart mechanical mixer 
with a 10 litre capacity for 5 minutes. Potable water for the 
OMCs was used in order to make high density brick samples. 
The samples were compacted manually in appropriate moulds 
using predetermined masses corresponding to the maximum 
density (found from standard compaction tests). The samples 
were made in three sizes (Fig. 2), cube (100 x 100 x 100 mm), 
beam (225 x 110 x 75 mm) and brick (300 x 100 x 50 mm), 
for determining compressive strength, modulus of rupture, 
rate of water absorption, total water absorption and the density 
of the manufactured bricks.  
The specimens were dried at 105oC for 24 hours, removed 
from the moulds and were fired in a (Barnstead/Thermolyne 
30400) furnace at 1050oC. The fired samples were tested for 
compressive strength, flexural strength, density, water 
absorption and initial rate of absorption. All tests were carried 
out according to the Australian Standard [22] and the results 
reported are the mean of three values. Also, Australian Bottle 
Leaching Procedure (ABLP), [23], was used for conducting a 
leachate analysis for the manufactured clay bricks. Leachate 
samples were prepared in triplicate and analyzed using 
Inductive Coupled Plasma Mass Spectrophotometer (ICPMS).  
 
 
Fig. 2 Compacted bricks, beams and cubes (soil-CBs mix) 
III. RESULTS AND DISCUSSION 
Some of the physical and chemical properties of the soil 
used in making the experimental bricks are presented in 
Tables II and III.  
 
TABLE II 
PROPERTIES OF THE SOIL USED IN MAKING FIRED BRICKS 
Soil Physical  Properties Test Results 
Particles < 75 µm (%) 29 
Liquid Limit (%) 31 
Plastic Limit (%) 21 
Plasticity index (%) 10 
Maximum Dry Density (kg/m3) 1807 
Optimum moisture content (%) 17 
 
TABLE III 
CHEMICAL COMPOSITION OF THE SOIL USED IN MAKING FIRED BRICKS 
Compound Formula Atomic 
Weight 
Average 
composition 
(wt.%) 
SiO2 14 58.73 
Al2O3 13 18.75 
Fe2O3 26 5.032 
K2O 19 3.446 
MgO 12 1.639 
TiO2 22 0.5079 
Na2O 11 0.204 
CaO 20 0.189 
                   Loss on Ignition 9.60% 
 
The density of the manufactured bricks decreased almost 
linearly from 2118 kg/m3 for the control samples (0 % CBs) to 
1482 kg/m3 for bricks with 10 % CB content (Fig. 3). The 
density of bricks decreased by 8.3 %, 23.9 % and 30 % when 
2.5 %, 5 % and 10 % CBs was incorporated into the raw 
materials (Table IV). The bricks became more porous as CB 
content increased (Figs. 4 and 5). Low-density or light-weight 
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bricks have great advantages in construction including, for 
example, lower structural dead load, easier handling, lower 
transport costs, lower thermal conductivity, and a higher 
number of bricks produced per tonne of raw materials. Light 
bricks can be substituted for standard bricks in most 
applications except when bricks of higher strength are needed 
or when a particular look or finish is desirable for architectural 
reasons. The light-weight bricks produced by incorporating 
2.5 % to 10 % CBs by mass, equivalent to approximately 10 
to 30 % by volume can be used in different applications 
according to the required strength.  
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Fig. 3 Effect of CB content on density of fired bricks 
 
TABLE IV 
EXPERIMENTAL RESULTS* FOR THE CONTROL MIX AND OTHER TRIAL MIXES 
CONTAINING CBS 
Mixture 
identification 
Compressive 
Strength 
 
 
(MPa) 
Flexural 
Strength 
 
 
(MPa) 
Water 
Absorption 
 
 
(%) 
Initial Rate 
of 
Absorption 
(IRA) 
(kg/m2/min)
Average 
Density 
 
 
(kg/m3) 
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
25.65 
12.57 
5.22 
3.00 
2.79 
2.48 
2.40 
1.24 
5 
9 
15 
18 
0.2 
1.4 
2.3 
4.9 
2118 
1941 
1611 
1482 
*Average values of 3 test results 
 
  
 
Fig. 4 Surface texture of bricks for mixes with 0 %, 2.5 %, 5 % and 
10 % CBs 
 
 
Fig. 5 Cross sections of bricks for mixes with 0 %, 2.5 %, 5 % and  
10 % CBs 
 
 The compressive strength of bricks tested (Fig. 6) was 
reduced markedly from 25.65 MPa (for 0 % CBs) to 12.57, 
5.22 and 3.00 MPa for 2.5, 5.0 and 10 % CB content 
respectively (Fig. 7). Compressive strength is important for 
determining the load bearing capability of the brick. Higher 
mixing speed and longer duration of mixing might lead to 
finer mixtures with higher compressive strength results; this is 
currently under investigation. Furthermore, different 
temperature regimes during firing might lead to higher 
compressive strength. 
 
 
Fig. 6 Compressive strength test 
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Fig. 7 Effect of CB content on compressive strength of fired bricks 
 
 
 
 
 
 
  0 %  5.0 %  10.0 %  2.5% 
  0 %  5.0 %  10.0 %  2.5% 
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TABLE V 
LEACHING OF HEAVY METALS OF BRICK SAMPLES BY ABLP PROCEDURE USING ICPMS 
Percentage of CBs by weight 
0 % 2.5 % 5 % 10 % 
Heavy metals Concentration 
Level (mg/L)* 
Concentration 
Level (mg/L)** 
Concentration (mg/L) 
Arsenic (As) 5 2.8 0.007 0.019 0.093 0.123 
Selenium (Se) 1 4 - - - - 
Mercury (Hg) 0.2 0.4 - - - - 
Barium (Ba) 100 280 0.590 0.440 0.605 0.510 
Cadmium (Cd) 1 0.8 - - - - 
Chromium (Cr) 5 20 0.033 0.005 0.028 0.009 
Lead (Pb) 5 4 0.130 0.019 0.058 0.340 
Silver (Ag) 5 40 - - - - 
Zinc (Zn) 500 1200 0.965 0.180 7.750 0.285 
Copper (Cu) 100 800 0.190 0.320 0.680 1.090 
Nickel (Ni) 1.34 8 0.007 0.006 0.016 0.009 
* United States Environmental Protection Agency (USEPA) (1996) 
** Environmental Protection Agency (EPA) Victoria (2005) 
- not detected 
 
Modulus of rupture (flexural strength, Fig. 8) values 
decreased from 2.48 to 1.24 MPa when 2.5 - 10 % CBs was 
incorporated into the raw materials (Fig. 9). The Australian 
Standard [24] recommendation for flexural strength of bricks 
is 1 to 2 MPa. High tensile strength indicates good quality 
bricks and reduces crack formation.  
 
 
Fig. 8 Flexural test 
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Fig. 9 Effect of CB content on lateral modulus of rupture of fired 
bricks 
 
Water absorption and initial rate of absorption (IRA) 
increased almost linearly with increase in CB content (Figs. 
10 and 11). The highest value of water absorption measured 
(18 %) occurred for 10 % CBs. This falls within the range of 
the Australian Standard [24] of 5 to 20 %. The range of IRA 
values was found to be between 1.3 and 5.7 kg/m2/min for 
bricks made with 2.5 to 10 % CB content. According to the 
Australian Standard, IRA should be between 0.2 to 5 
kg/m2/min. The IRA and the total water absorption capacity 
determine the ability and the potential performance of the 
brick in laying and durability. Unacceptably high values of 
IRA and water absorption can lead to volume changes that 
would result in cracking of the bricks or structural damage in 
building.   
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Fig. 10 Effect of CB content on water absorption 
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Fig. 11 Effect of CB content on initial rate of absorption of fired 
bricks 
The results from the leachate analysis for heavy metals are 
presented in Table V. It can be seen that all concentrations 
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were insignificant and comply with trace concentration levels 
set by [25] and [26], and are far from exceeding the regulatory 
limits. As for Se, Hg, Ag and Cd metals, the concentrations 
were very low and were not detectable using ICPMS.  
Adding CBs to the soil for manufacturing clay bricks assists 
firing due to its cellulose acetate content. It can be an effective 
and environmentally beneficial way of significantly reducing 
energy use for brick firing. By using the percentage of output 
power during firing, it was estimated that over 60 % of energy 
can be saved by adding 5 % of CBs to the raw clay soil. This 
is in line with [27] finding that five to six percent by weight of 
dispersed organic matter in Lower Oxford Clay saves two 
thirds of the energy required during firing. Detailed results 
from the firing energy consumption analysis will be reported 
in a future article. 
IV. CONCLUSION 
The study investigated the possibility of incorporating 
cigarette butts (CBs) into fired clay bricks. Four different 
clay-CB mixes with 0, 2.5, 5.0 and 10.0 % by weight CBs, 
corresponding to about 0, 10, 20 and 30 % by volume, were 
used for making fired brick samples.  
 The results show that the density of fired bricks decreased 
by 8.3 - 30 % when 2.5 - 10 % CBs was incorporated into the 
raw materials. The compressive strength of bricks tested was 
reduced from 25.65 MPa (control) to 12.57, 5.22 and 3.00 
MPa for 2.5, 5.0 and 10 % CB content respectively. Lateral 
modulus of rupture test results show that the flexural or tensile 
strength of bricks does not decrease significantly with the 
incorporation of CBs up to 5 % CBs. The lowest value of 
flexural strength found was 1.24 MPa (for 10 % CBs). Water 
absorption values were increased from 5 to 18 % and the 
initial rate of absorption results increased from 0.2 to 4.9 
kg/m2/min for the experimental mixes. The concentration 
values for all 11 metals measured in the leaching test on 
manufactured clay bricks (using the Australian Bottle 
Leaching Procedure and Inductive Coupled Plasma Mass 
Spectrophotometer) were insignificant and much lower than 
the acceptable regulatory limits. Also, it was estimated that 
over 60 % of firing energy can be saved by adding 5 % by 
weight CBs to the raw clay soil.  
 The results found so far show that cigarette butts can be 
regarded as a potential addition to raw materials used in the 
fabrication of light fired bricks. 
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ABSTRACT 
 
Although small in size, indiscriminate littering of cigarette butts (CBs) can cause serious 
environmental impact.  Several trillion cigarettes produced worldwide annually lead to 
thousands of kilograms of toxic waste.  CBs accumulate in the environment due to the poor 
biodegradability of the cellulose acetate filters and, in doing so, they have become the most 
common litter item on our planet.  This paper presents some of the results from a continuing 
study on recycling CBs into fired clay bricks.  Physico-mechanical properties of fired clay 
bricks manufactured with different percentages of CBs (2.5%, 5% and 10%) and also of 
control brick samples are reported and discussed.  Furthermore, leaching of heavy metals 
from the fabricated clay bricks was tested to investigate whether the leachate values exceed 
the regulatory standards.  The results show that the density of fired bricks decreased by up to 
30 % when CBs were incorporated into the raw materials.  The compressive strength of 
bricks tested were 12.57, 5.22 and 3.00 MPa for 2.5, 5.0 and 10 % CB content respectively.  
The leachate results revealed trace amounts of heavy metals.   
 
Keywords: Cigarette butts; Recycling waste; Fired clay bricks; Light bricks; Leachate; 
Thermal conductivity. 
 
INTRODUCTION 
  Worldwide, cigarette butts (CBs) are the most common type of litter.  The United States 
Department of Agriculture estimates that in 2004 over 5.5 trillion cigarettes were produced in 
the world [1].  This is equivalent to an estimated 1.2 million tonnes of cigarette butt waste per 
year.  These figures are expected to increase by more than 50% by 2025, mainly due to an 
increase in world population [2].  In Australia alone, an estimated 25 to 30 billion filtered 
cigarettes [3] are smoked each year; of these, an estimated 7 billion are littered [4]. 
 Most cigarette filters are made of cellulose acetate.  Cellulose acetate filters in CBs are 
slow to biodegrade and can take up to 18 months or more to break down under normal litter 
conditions [5,6].  Filters have long term effects on the urban environment, especially in 
waterways and run-offs [7].  Toxic chemicals trapped in the CB filters can leach, thus causing 
serious damage to the environment [8,9,10].  There are up to 4000 chemical components in 
cigarette smoke, of which 3000 are in the gas phase and 1000 in the tar phase.  Polycyclic 
aromatic hydrocarbons (PAHs), N-nitrosamines, aromatic amines, formaldehyde, 
acetaldehyde, benzene, and toxic metals such as cadmium and nickel combine to form more 
than 60 chemicals that are known to be carcinogenic [8,9,11,12].   
 Landfilling and incineration of CB waste are not, universally, environmentally 
sustainable nor economically feasible disposal methods.  Even when correctly binned and 
sent to landfill far from natural waterways, CBs remain an environmental hazard [13].  Also, 
landfilling of waste with high organic content and toxic substances is in general becoming 
increasingly costly and difficult [14,15,16].  Incineration of CBs is also a seemingly 
unsustainable solution as emissions from the burning waste contain various hazardous 
substances [17].  Recycling CBs is difficult because there are no easy mechanisms or 
procedures to assure efficient and economical separation and recycling of the entrapped 
chemicals.  An alternative could be to incorporate CBs in a sustainable composite building 
material such as fired bricks. 
  Brick is one of the most accommodating masonry units as a building material due to its 
properties.  Attempts have been made to incorporate waste in the production of bricks.  For 
instance, the use of rubber [18], limestone dust and wood sawdust [19], processed waste tea 
[20], fly ash [21,22], polystyrene [23] and sludge [24].  Recycling of such wastes by 
incorporating them as inert components into building materials is a practical solution to a 
pollution problem.  This paper presents and discusses some of the results from a study on 
recycling CBs into fired clay bricks.  Physical and mechanical properties of several brick 
samples with different CB contents are presented and discussed. 
 
MATERIALS AND METHODS 
 
Preparation of clay brick samples incorporated with CBs.  The CBs (of different brands 
and sizes) used in this study were provided by Buttout Australia Pty Ltd.  The butts had been 
collected from dry receptacles.  Upon delivery, the CBs were disinfected at 105
o
C for 24 
hours and then stored in sealed plastic bags.  The soil used was brown silty clayey sand 
prepared for making fired clay and provided by Boral Bricks Pty Ltd, Australia.  The 
classification tests including liquid limit, plastic limit, plasticity index and particle size 
distribution were carried out according to Australian Standard [25].  Chemical analyses were 
carried out to determine the main chemical components of the experimental soil.  Chemical 
composition of the raw clay samples was determined using X-ray Fluorescence (XRF).   
  Proctor standard compaction tests were conducted, according to Australian Standard 
[26], to determine optimum moisture contents (OMC) and maximum dry densities for the 
experimental soil (control sample) and the mixed soil-CBs samples.  Four different mixes 
were used for making fired brick samples (Table 1).  CBs (2.5, 5, and 10% by weight, about 
10 – 40% by volume) were mixed with the experimental soil and fired to produce bricks.  The 
mixes were made using a Hobart mechanical mixer with a 10 litre capacity for 5 minutes.  
The samples were compacted manually in appropriate moulds using predetermined masses 
corresponding to the maximum density (found from standard compaction tests).  The samples 
were made in three sizes (Fig. 1), cube (100 x 100 x 100 mm), beam (225 x 110 x 75 mm) 
and brick (300 x 100 x 50 mm), for determining compressive strength, modulus of rupture, 
rate of water absorption, total water absorption, and the density of the manufactured bricks. 
 
Table 1 : Optimum Moisture Content for Different Percentage of CBs 
 
 
 
 
 
 
Mixture identification Optimum moisture content (%) 
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
17 
19 
21 
23 
 
 
Figure 1 : Compacted Bricks, Beams and Cubes (Clay-CBs mix) 
 
  The specimens were dried at 105
o
C for 24 hours, removed from the moulds and were 
fired in a (Barnstead/Thermolyne 30400) furnace at 1050
o
C.  The fired samples were tested 
for compressive strength, flexural strength, density, water absorption and initial rate of 
absorption.  All tests were carried out according to the Australian Standard [27] and the 
results reported are the mean of three values.   
 
Leachate analyses.  It is known that heavy metals such as arsenic, chromium, nickel and 
cadmium can be trapped in the filters of cigarette butts [28].  Hence, leaching tests were 
carried out to investigate the levels of possible leachates of heavy metals from the 
manufactured clay-CB bricks.  Two different procedures were employed: In the Australian 
Bottle Leaching Procedure (ABLP) [29], the brick sample was crushed and a representative 
sample finer than 2.4 mm produced, while in the Toxicity Characteristics Leaching Procedure 
(TCLP) [30], a crushed sample finer than 9.5 mm was prepared for the analysis.  Also, 
leaching tests were carried out on whole solid brick samples (Fig. 2) to investigate the long-
term leachate characteristics of samples.  This method was a modification of the static 
leachate test (SLT) [31] that is generally used to investigate the mechanism of leaching from 
solidified waste forms [32,33].  In the SLT method, the leachant was not renewed by a fresh 
solution in order to produce the maximum leachate concentrations, and leachates were 
collected continuously over long durations of 25, 41, 71 and 134 days.  Triplicate samples 
from all the leachates were produced and analysed for heavy metals using Inductive Coupled 
Plasma Mass Spectrophotometer (ICPMS).   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 : Experimental Set up for Static Leachate Test 
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RESULTS AND DICUSSIONS 
 
Physical and mechanical properties of experimental brick samples.  Some of the physical 
and chemical properties of the soil used in making the experimental bricks are presented in 
Tables 2 and 3.  
 
Table 2 : Properties of the Soil Used in Making Fired Bricks 
 
Soil Physical  Properties Test Results 
Particles < 75 µm (%) 29 
Liquid Limit (%) 31 
Plastic Limit (%) 21 
Plasticity index (%) 10 
Maximum Dry Density (kg/m
3
) 1807 
Optimum moisture content (%) 17 
 
Table 3 : Chemical Composition of the Soil Used in Making Fired Bricks 
 
Compound Formula Atomic 
Weight 
Average composition  
(wt.%) 
SiO2 14 58.73 
Al2O3 13 18.75 
Fe2O3 26 5.032 
K2O 19 3.446 
MgO 12 1.639 
TiO2 22 0.5079 
Na2O 11 0.204 
CaO 20 0.189 
         Loss on Ignition  9.60% 
 
  The density of the manufactured bricks (Fig. 3) decreased almost linearly from 2118 
kg/m
3
 for the control samples (0% CBs) to 1482 kg/m
3 
for bricks with 10% CB content (Fig. 
4).  The density of bricks decreased by 8.3 %, 23.9 % and 30 % when 2.5 %, 5 % and 10 % 
CBs was incorporated into the raw materials.  The bricks became more porous as CB content 
increased.  Low-density or light-weight bricks have great advantages in construction 
including, for example, lower structural dead load, easier handling, lower transport costs, 
lower thermal conductivity, and a higher number of bricks produced per tonne of raw 
materials.  Light bricks can be substituted for standard bricks in most applications except 
when bricks of higher strength are needed or when a particular look or finish is desirable for 
architectural reasons.  The light-weight bricks produced by incorporating 2.5% to 10% CBs 
by mass, equivalent to approximately 10 to 30% by volume can be used in different 
applications according to the required strength.   
 
 
 
 
  
 
 
 
 
 
 
 
Figure 3 : Surface Texture of Bricks for Mixes with 0%, 2.5%, 5% and 10% CBs 
 
  The compressive strength of bricks tested (Fig. 5) was reduced markedly from 25.65 
MPa (for 0% CBs) to 12.57, 5.22 and 3.00 MPa for 2.5, 5.0 and 10% CB content 
respectively.  Compressive strength is important for determining the load bearing capability 
of the brick.  Higher mixing speed and longer duration of mixing might lead to finer mixtures 
with higher compressive strength results; this is currently under investigation.  Furthermore, 
different temperature regimes during firing might lead to higher compressive strength.   
  Modulus of rupture (flexural strength, Fig. 6) values decreased from 2.48 to 1.24 MPa 
when 2.5 - 10 % CBs was incorporated into the raw materials.  The Australian Standard [34] 
recommendation for flexural strength of bricks is 1 to 2 MPa.  High tensile strength indicates 
good quality bricks and reduces crack formation.  
  Water absorption and initial rate of absorption (IRA) increased almost linearly with 
increase in CB content (Fig. 7 and 8).  The highest value of water absorption measured (18%) 
occurred for 10% CBs.  This falls within the range of the Australian Standard [34] of 5 to 
20%.  The range of IRA values was found to be between 1.3 and 5.7 kg/m
2
/min for bricks 
made with 2.5 to 10% CB content.  According to the Australian Standard, IRA should be 
between 0.2 to 5 kg/m
2
/min.  The IRA and the total water absorption capacity determine the 
ability and the potential performance of the brick in laying and durability.  Unacceptably high 
values of IRA and water absorption can lead to volume changes that would result in cracking 
of the bricks or structural damage in building.   
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Figure 4: Effect of CBs Content on Dry Density of Bricks 
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Figure 5 : Relationship between Compressive Strength and Dry Density of Bricks 
 
y = 0.00x - 1.22
R
2
 = 0.69
1.00
1.50
2.00
2.50
3.00
1400 1600 1800 2000 2200
Dry density (kg/m
3
)
L
at
er
al
 M
o
d
u
lu
s 
o
f 
R
u
p
tu
re
 
(M
P
a)
 
Figure 6 : Relationship between Flexural Strength and Dry Density of Bricks 
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Figure 7 :  Plot of Water Absorption in Relation to Dry Density of Bricks 
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Figure 8 : Plot of Initial Rate of Absorption in Relation to Dry Density of Bricks 
 
ABLP, TCLP and SLT tests results.  All heavy metal leachate values determined in ABLP, 
TCLP and SLT tests were insignificant and comply with the concentration limits set by 
USEPA (1996) and EPAV (2005) [35,36].  The ABLP and TCLP tests yielded similar 
leachate concentrations of target metals for clay bricks with 0 and 10% CBs (Table 4).  
However, due to the difference in crushed particle size, the ABLP test (using smaller particle 
size) produced slightly higher values than the TCLP test for most concentrations.  
 
Table 4 : Concentrations of Heavy Metals using ABLP, TCLP and SLT tests 
 
Heavy metals Concentration 
Limit  
(mg/L)* 
Concentration 
Limit 
(mg/L)** 
ABLP TCLP SLT 
0% 10% 0% 10% 0% 10% 
Concentration (mg/L) 
Arsenic (As) 5 2.8 0.007 0.123 0.025 0.035 0.011 0.190 
Selenium (Se) 1 4 - - - - - - 
Mercury (Hg) 0.2 0.4 - - - - - - 
Barium (Ba) 100 280 0.590 0.510 0.270 0.275 0.245 0.380 
Cadmium (Cd) 1 0.8 - - - - - - 
Chromium (Cr) 5 20 0.033 0.009 0.007 0.008 0.005 0.010 
Lead (Pb) 5 4 0.130 0.340 1.941 0.032 0.008 0.003 
Silver (Ag) 5 40 - - - - - - 
Zinc (Zn) 500 1200 0.965 0.285 0.255 1.145 0.330 0.425 
Copper (Cu) 100 800 0.190 1.090 0.190 0.155 0.070 0.090 
Nickel (Ni) 1.34 8 
0.007 0.009 0.004 0.003 0.005 0.010 
* United States Environmental Protection Agency (USEPA) (1996) 
** Environmental Protection Agency (EPA) Victoria (2005) 
  - not detected  
 
CONCLUSIONS 
The study investigated the possibility of incorporating cigarette butts (CBs) into fired 
clay bricks.  Four different clay-CB mixes with 0, 2.5, 5.0 and 10.0 % by weight CBs, 
corresponding to about 0, 10, 20 and 30 % by volume, were used for making fired brick 
samples.   
The results show that the density of fired bricks decreased by 8.3 - 30 % when 2.5 - 
10 % CBs was incorporated into the raw materials.  The compressive strength of bricks 
tested was reduced from 25.65 MPa (control) to 12.57, 5.22 and 3.00 MPa for 2.5, 5.0 and 
10 % CB content respectively.  Lateral modulus of rupture test results show that the 
flexural or tensile strength of bricks does not decrease significantly with the incorporation 
of CBs up to 5% CBs.  The lowest value of flexural strength found was 1.24 MPa (for 10% 
CBs).  Water absorption values were increased from 5 to 18 % and the initial rate of 
absorption results increased from 0.2 to 4.9 kg/m
2
/min for the experimental mixes.  Heavy 
metal leachate testing was carried out using the Australian Bottle Leaching Procedure, 
Toxicity Characteristics Leaching Procedure and the Static Leachate Test, and samples 
analysed using Inductive Coupled Plasma Mass Spectrophotometer.  All heavy metal 
concentrations were insignificant and much lower than the acceptable regulatory limits.   
The results found so far show that cigarette butts can be regarded as a potential 
addition to raw materials used in the manufacturing of light fired bricks. 
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Abstract—Several trillion cigarettes produced worldwide 
annually lead to many thousands of kilograms of toxic waste.  
Cigarette butts (CBs) accumulate in the environment due to the poor 
biodegradability of the cellulose acetate filters.  This paper presents 
some of the results from a continuing study on recycling CBs into 
fired clay bricks.  Physico-mechanical properties of fired clay bricks 
manufactured with different percentages of CBs are reported and 
discussed. The results show that the density of fired bricks was 
reduced by up to 30 %, depending on the percentage of CBs 
incorporated into the raw materials. Similarly, the compressive 
strength of bricks tested decreased according to the percentage of 
CBs included in the mix.  The thermal conductivity performance of 
bricks was improved by 51 and 58 % for 5 and 10 % CBs content 
respectively.  Leaching tests were carried out to investigate the levels 
of possible leachates of heavy metals from the manufactured clay-CB 
bricks.  The results revealed trace amounts of heavy metals. 
Keywords—Cigarette butts, Fired clay bricks, Light bricks, 
Recycling waste, Thermal conductivity, Leachates; Leaching test.
I. INTRODUCTION
IGARETTE butts (CBs) are the most common type of 
litter in the world.  In 2004, over 5.5 trillion cigarettes 
were produced worldwide [1], equivalent to an estimated 1.2 
million tonnes of cigarette butt waste per year.  These figures 
are expected to increase by more than 50 % by 2025, mainly 
due to an increase in world population [2].  In Australia alone, 
an estimated 25 to 30 billion filtered cigarettes [3] are smoked 
each year; of these, an estimated 7 billion are littered [4]. 
Most cigarette filters are made of cellulose acetate.  
Cellulose acetate filters are slow to biodegrade and can take 
up to 18 months or more to break down under normal litter 
conditions [5]-[6].  Filters have long term effects on the urban 
environment, especially in waterways and run-offs [7].  Toxic  
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chemicals trapped in the CB filters can be leached and so 
cause serious damage to the environment [8]-[10].  There are 
up to 4000 chemical components in cigarette smoke, of which 
3000 are in the gas phase and 1000 in the tar phase.  
Polycyclic aromatic hydrocarbons (PAHs), N-nitrosamines, 
aromatic amines, formaldehyde, acetaldehyde, benzene, and 
toxic metals such as cadmium and nickel combine to form 
more than 60 chemicals that are known to be carcinogenic [8]-
[12].   
Landfilling and incineration of CB waste are not universally 
sustainable nor economically feasible disposal methods.  Even 
when correctly binned and sent to landfill far from natural 
waterways, CBs remain an environmental hazard [13].  Also, 
landfilling of waste with high organic content and toxic 
substances is becoming increasingly costly and difficult [14]-
[16]. Incineration of CBs is also a seemingly unsustainable 
solution as emissions from the burning waste contain various 
hazardous substances [17].  Recycling CBs is difficult because 
there are no easy mechanisms or procedures to assure efficient 
and economical separation of the butts and appropriate 
treatment of the entrapped chemicals.  An alternative could be 
to incorporate CBs in a building material such as fired bricks. 
Brick is one of the most common masonry units as a 
building material due to its properties.  Attempts have been 
made to incorporate waste in the production of bricks, for 
example, rubber [18], limestone dust and wood sawdust [19], 
processed waste tea [20], fly ash [21]-[22], polystyrene [23] 
and sludge [24].  Recycling of such wastes by incorporating 
them into building materials is a practical solution to a 
pollution problem.  This paper presents and discusses some of 
the results from a study on recycling CBs into fired clay 
bricks.  The physical and mechanical properties of several 
brick samples with different CB contents are presented and 
discussed.
II. MATERIALS AND METHODS
The CBs (of different brands and sizes) used in this study 
were provided by Buttout Australia Pty Ltd.  The CBs were 
disinfected by heat at 105oC for 24 hours and then stored in 
sealed plastic bags.  The soil used was brown silty clayey sand 
prepared for making fired clay and provided by Boral Bricks 
Pty Ltd, Australia.  The classification tests including liquid 
limit, plastic limit, plasticity index and particle size 
distribution were carried out according to Australian Standard 
[25].  Chemical analyses were carried out, using X-ray 
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Fluorescence (XRF), to determine the main chemical 
components of the experimental soil.  Proctor standard 
compaction tests were conducted, according to Australian 
Standard [26], to determine optimum moisture contents 
(OMC) and maximum dry densities for the experimental soil 
(control sample) and the mixed soil-CBs samples.  Some of 
the physical and chemical properties of the soil used in 
making the experimental bricks are shown in Tables 1 and 2.  
TABLE I
PROPERTIES OF THE SOIL USED IN MAKING FIRED BRICKS
Compound Formula Atomic 
Weight 
Average
composition 
(wt.%)
SiO2 14 58.73 
Al2O3 13 18.75 
Fe2O3 26 5.032 
K2O 19 3.446 
MgO 12 1.639 
TiO2 22 0.5079 
Na2O 11 0.204 
CaO 20 0.189 
                   Loss on Ignition 9.60% 
TABLE II
CHEMICAL COMPOSITION OF THE SOIL USED IN MAKING FIRED
BRICKS
Soil Physical  Properties Test Results 
Particles < 75 μm (%) 29 
Liquid Limit (%) 31 
Plastic Limit (%) 21 
Plasticity index (%) 10 
Maximum Dry Density (kg/m3) 1807 
Optimum moisture content (%) 17 
Four different mixes were used for making fired brick 
samples.  CBs (2.5, 5, and 10 % by weight, about 10 – 30 % 
by volume) were mixed with the experimental soil and fired to 
produce bricks.  The mixes were made using a Hobart 
mechanical mixer with a 10 litre capacity for 5 minutes.  The 
samples were compacted manually in appropriate moulds 
using predetermined masses corresponding to the maximum 
density using optimum moisture contents, found from 
standard compaction tests.  The samples were made in three 
sizes: cube (100 x 100 x 100 mm), beam (225 x 110 x 75 mm) 
and brick (300 x 100 x 50 mm), for determining compressive 
strength, modulus of rupture, rate of water absorption, total 
water absorption, and the density of the manufactured bricks 
[27].  The specimens were dried at 105oC for 24 hours, 
removed from the moulds and were fired in a 
(Barnstead/Thermolyne 30400) furnace at 1050oC.  The fired 
samples were tested for compressive strength, flexural 
strength, density, water absorption and initial rate of 
absorption.  All tests were carried out according to the 
Australian Standard [28] and the results reported are the mean 
of three values.
It is known that heavy metals such as arsenic, chromium, 
nickel and cadmium can be trapped in the filters of cigarette 
butts [29].  Hence, leaching tests were carried out to 
investigate the levels of possible leachates of heavy metals 
from the manufactured clay-CB bricks.  Experimental bricks 
were crushed and representative samples finer than 9.5 mm 
were prepared for analysis using the Toxicity Characteristics 
Leaching Procedure (TCLP) [30].  Leaching tests were also 
carried out on whole solid brick samples (Fig. 1) to investigate 
the long-term leachate characteristics of bricks.  This method 
was a modification of the static leachate test (SLT) [31] that is 
generally used to investigate the mechanism of leaching from 
solidified waste forms [32]-[33].  In the SLT method, the 
leachant (5.7 mL of glacial acetic acid per litre) was not 
renewed by a fresh solution in order to produce the maximum 
leachate concentrations, and leachates were collected over 
long durations of 25, 41, 71 and 134 days.  Triplicate samples 
from all the leachates were used and analysed for heavy 
metals using Inductive Coupled Plasma Mass 
Spectrophotometer (ICPMS).   
Fig. 1 Experimental set up for Static Leachate Test 
III. RESULTS AND DISCUSSION
The density of the manufactured bricks decreased from 
2118 kg/m3 for the control samples (0 % CBs) to 1482 kg/m3
for bricks with 10 % CB content (Table 3).  The density of 
bricks decreased by 8.3 %, 23.9 % and 30 % when 2.5 %, 5 % 
and 10 % CBs was incorporated.  The bricks became more 
porous as CB content increased (Figs. 2 and 3).  Low-density 
or light-weight bricks have great advantages in construction 
including, for example, lower structural dead load, easier 
handling, lower transport costs, lower thermal conductivity, 
and a higher number of bricks produced per tonne of raw 
materials.  Light bricks can be substituted for standard bricks 
in most applications except when bricks of higher strength are 
needed or when a particular look or finish is desirable for 
architectural reasons.  The light-weight bricks produced by 
incorporating 2.5 % to 10 % CBs by mass, equivalent to 
approximately 10 to 30 % by volume could be used in 
different applications according to the required strength.
Support 
Plastic
Clay-CB brick 
Leaching
fluid 
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Fig. 2 Surface texture of bricks for mixes with 0 %, 2.5 %, 5 % and 
10 % CBs
Fig. 3 Cross sections of bricks for mixes with 0 %, 2.5 %, 5 % and
10 % CBs 
The compressive strength of bricks tested was reduced from 
25.65 MPa (for 0 % CBs) to 12.57, 5.22 and 3.00 MPa for 2.5, 
5.0 and 10 % CB content respectively.  Compressive strength 
is important for determining the load bearing capability of the 
brick. Common minimum values recommended for 
characteristic compressive strength for non-load-bearing and 
load-bearing solid fired clay bricks are 3 to 5 MPa and 5 to 10 
MPa respectively [34]-[35].  Higher mixing speed and longer 
duration of mixing can lead to finer mixtures with higher 
compressive strength results.   
Modulus of rupture (flexural strength) values decreased 
from 2.48 to 1.24 MPa when 2.5 – 10 % CBs was 
incorporated into the raw materials.  The Australian Standard 
[36] recommendation for flexural strength of bricks is 1 to 2 
MPa.  High tensile strength indicates good quality bricks and 
reduces crack formation.  
Water absorption and initial rate of absorption (IRA) 
increased almost linearly with increase in CB content.  The 
highest value of water absorption measured (18 %) occurred 
for 10 % CBs and so was within the range of the Australian 
Standard of 5 to 20 %.  The range of IRA values was found to 
be between 1.3 and 5.7 kg/m2/min for bricks made with 2.5 to 
10 % CB content.  According to the Australian Standard, IRA 
should be between 0.2 to 5 kg/m2/min.  The IRA and the total 
water absorption capacity determine the ability and the 
potential performance of the brick in laying and durability.  
Unacceptably high values of IRA and water absorption can 
lead to volume changes that would result in cracking of the 
bricks or structural damage in building.   
TABLE III
EXPERIMENTAL RESULTS* FOR THE CONTROL MIX AND OTHER
TRIAL MIXES CONTAINING CBS
Mixture 
identification
Compressive 
Strength 
(MPa)
Flexural 
Strength 
(MPa)
Water
Absorption 
(%)
Initial Rate 
of
Absorption 
(IRA)
(kg/m2/min)
Average
Density
(kg/m3)
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
25.65 
12.57 
5.22 
3.00 
1.97 
2.48 
2.40 
1.24 
5
9
15
18
0.2 
1.4 
2.3 
4.9 
2118
1941
1611
1482
*Average values of 3 test results 
 Thermal conductivity performance is an important criterion 
of building materials, as the thermal conductivity influences 
the usage of the material in engineering applications.  The 
thermal conductivity of a brick is the rate at which a brick 
conducts heat.  Heat losses from buildings are dependent on 
the thermal conductivity of the materials in the walls and roof 
[18] and [37].  Building bricks have to minimize the heat flow 
from one side of the brick to the other side [38].  The thermal 
conductivity of bricks and other masonry materials depends 
on the density and therefore porosity of the material.  
Thermal conductivity of samples was estimated using a 
model developed in this study based on some experimental 
results available in the literature [39]-[45].  This Model (1) 
was developed using 256 test results found for different types 
of bricks, concrete and aggregates.   This equation, plotted in 
Fig. 4, gave the highest R2 (coefficient of determination) value 
of 0.885 in a regression analysis.  
T = 0.0559e(0.0014Dd)                                                                                     (1)
Where   T  =  thermal conductivity 
Dd =  dry density  
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Fig. 4 Thermal conductivity vs. dry density of some different types 
of concrete, bricks and other masonry materials (adopted from Refs 
39 to 45) 
This relationship was used to estimate the thermal 
conductivity of the experimental bricks in this study (Table 4, 
Fig. 5).  It can be seen that as the percentage of CBs increases, 
the dry density and therefore thermal conductivity of bricks 
decreases.  For example, adding 5 % CBs reduces the thermal 
conductivity by approximately 51 %, which is a very 
  0 %  5.0 %  10.0 %  2.5% 
  0 %  5.0 %  10.0 %  2.5% 
 T = 0.0559e(0.0014Dd)
 R2 = 0.8847                                                    
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significant amount in terms of energy saving.   
TABLE IV
CALCULATED VALUES OF THERMAL CONDUCTIVITY OF CLAY
BRICKS
Mixture 
identification
Density
(kg/m3)
Thermal 
conductivity  
(Wm-1K-1)
Reduction of 
thermal 
conductivity 
(%)
CB (0.0) 
CB (2.5) 
CB (5.0) 
CB (10.0) 
2118
1941
1611
1482
1.08 
0.85 
0.53 
0.45 
0
21
51
58
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Fig. 5 Effect of CB content on dry density and thermal conductivity 
of clay bricks 
Results for TCLP (Table 5) and SLT (Table 6) methods
showed insignificant levels of heavy metals and comply with 
the concentration limits set by USEPA (1996) and EPAV 
(2005) [46]-[47].  No significant trend can be detected from 
the results obtained from the TCLP and SLT tests.  However, 
due to the difference in the type of samples used, the TCLP 
tests (using crushed samples) produced slightly higher values 
than the SLT (solid samples) tests for most cases, even though 
SLT measurements were made after 134 days compared with 
short tem test that completed within 2 days for the TCLP test. 
IV. CONCLUSION
The study investigated the possibility of incorporating 
cigarette butts (CBs) into fired clay bricks.  Four different 
clay-CB mixes with 0, 2.5, 5.0 and 10.0 % by weight CBs, 
corresponding to about 0, 10, 20 and 30 % by volume, were 
used for making fired brick samples.   
The density of fired bricks decreased by 8.3 – 30 % when 
2.5 – 10 % CBs was incorporated into the raw materials.  The 
compressive strength of bricks was reduced from 25.65 MPa 
(control) to 12.57, 5.22 and 3.00 MPa for 2.5, 5.0 and 10 % 
CB content respectively.  Lateral modulus of rupture test 
results show that the flexural or tensile strength of bricks does 
not decrease significantly with the incorporation of CBs up to 
5 % CBs.  The lowest value of flexural strength found was 
1.24 MPa (for 10 % CBs).  Water absorption values were 
studies
TABLE V
CONCENTRATIONS OF HEAVY METALS USING TCLP
Percentage of CBs by weight 
0 % 2.5 % 5 % 10 % 
Heavy metals Concentration 
Level (mg/L)* 
Concentration 
Level (mg/L)** 
Concentration (mg/L) 
Arsenic (As) 5 2.8 0.025 0.012 0.045 0.035 
Selenium (Se) 1 4 - - - - 
Mercury (Hg) 0.2 0.4 - - - - 
Barium (Ba) 100 280 0.270 0.280 0.295 0.275 
Cadmium (Cd) 1 0.8 - - - - 
Chromium (Cr) 5 20 0.007 0.003 0.006 0.008 
Lead (Pb) 5 4 1.941 0.044 0.037 0.032 
Silver (Ag) 5 40 - - - - 
Zinc (Zn) 500 1200 0.255 0.115 0.670 1.145 
Copper (Cu) 100 800 0.190 0.295 0.210 0.155 
Nickel (Ni) 1.34 8 0.004 0.002 0.004 0.003 
* United States Environmental Protection Agency (USEPA) (1996) 
** Environmental Protection Agency (EPA) Victoria (2005) 
- not detected 
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TABLE VI
CONCENTRATIONS OF HEAVY METALS USING SLT AFTER 134 DAYS
Percentage of CBs by weight 
0 % 2.5 % 5 % 10 % 
Heavy metals Concentration 
Level (mg/L)* 
Concentration 
Level (mg/L)** 
Concentration (mg/L) 
Arsenic (As) 5 2.8 0.011 0.055 0.215 0.190 
Selenium (Se) 1 4 -  -  - - 
Mercury (Hg) 0.2 0.4 -  -  - - 
Barium (Ba) 100 280 0.245 0.285 0.525 0.380 
Cadmium (Cd) 1 0.8 -  -  - - 
Chromium (Cr) 5 20 0.005 0.006 0.010 0.010 
Lead (Pb) 5 4 0.008 0.004 0.005 0.03 
Silver (Ag) 5 40 -  -  - - 
Zinc (Zn) 500 1200 0.310 0.135 0.225 0.425 
Copper (Cu) 100 800 0.069 0.074 0.082 0.090 
Nickel (Ni) 1.34 8 0.005 0.006 0.007 0.010 
* United States Environmental Protection Agency (USEPA) (1996) 
** Environmental Protection Agency (EPA) Victoria (2005) 
- not detected 
increased from 5 to 18 % and the initial rate of absorption 
results increased from 0.2 to 4.9 kg/m2/min for the 
experimental mixes.  Based on a model developed in this 
study, using some experimental data from several previous 
studies, thermal conductivity of the experimental bricks was 
estimated to reduce by 21, 51 and 58 % for CB contents of 
2.5, 5 and 10% respectively.  Leaching tests were carried out 
to investigate the levels of possible leachates of heavy metals 
from the manufactured clay-CB bricks.  Leachates were 
produced using the Toxicity Characteristics Leaching 
Procedure and the Static Leachate Test, and all heavy metal 
concentrations measured were insignificant and much lower 
than the acceptable regulatory limits.   
The results found so far show that cigarette butts can be 
regarded as a potential addition to raw materials used in the 
manufacturing of light fired bricks. 
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